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CHAPTER   1
GENERAL INTRODUCTION

GENERAL INTRODUCTION
Radiotherapy is an effective therapy for cancer, either alone or in combination with chemotherapy
and surgery, although failures still occur, one cause being cellular radioresistance. Human tumor
cells show a wide range of radiosensitivity and the survival of normal and tumor cells is mainly
determined by their repair capacity [1-3]. In addition, proliferation is an important biological param-
eter of the response of the tumor to radiation [4]. Understanding the mechanism of radiation dam-
age repair will bring us a step forward in improving radiotherapy. The purpose of this thesis was to
further define determinants of radiosensitivity, particularly the role of base excision repair, in mam-
malian cells. The ultimate goal is to obtain valuable information on the mechanism of radiosensi-
tivity and information on potential molecular targets relevant to designing new drugs which selec-
tively increase the radiosensitivity of human tumors.
Ionizing radiation induces a diverse spectrum of DNA lesions, including DNA double- and single
strand breaks, oxidized base damages and DNA- and protein crosslinks. There are two pathways
for double strand break repair in mammalian cells, homologous recombination and non-homolo-
gous end joining. Homologous recombination depends on replication, when the undamaged sister
chromatid is used as a template to repair the damaged site [1, 5-8]. Otherwise, double strand
breaks are repaired by non-homologous end joining involving religating broken ends without avail-
ability of the homologous template [9, 10]. While homologous recombination is a relatively error-
free process and seems to be mainly involved in repair of DNA double strand breaks in the S- and
the G2-phase, non-homologous end joining is an error-prone process and repairs throughout the
whole cell cycle. Double strand break repair pathways have been extensively analyzed. Repair
pathways for other damages have been the subject of considerable research in cell free systems,
although little is known about repair of these damages in vivo. Oxidized base damages produced
by ionizing radiation are removed primarily by base excision repair. DNA polymerase beta is
thought to be the main polymerase involved in base excision repair [11-14]. In addition to base
damages, single strand breaks formed after ionizing radiation have been shown in vitro to be
repaired by a process similar to base excision repair, involving the genes DNA polymerase beta
and XRCC1 among others [15].
Deficiencies in one or more repair genes in any of the DNA repair pathways mentioned above lead
to increased sensitivity to ionizing radiation. Evidence for an in vivo role of homologous recombi-
nation, non-homologous end joining and base excision repair in the radiosensitivity of higher
eukaryotes is derived from cell survival experiments with defective mutants. An increase in
radiosensitivity was observed when Rad54 (homologous recombination) was inactivated in mouse
embryonic stem cells [16]. Furthermore, radiosensitization was observed in xrcc4 deficient chinese
ovary hamster cell lines (non-homologous end joining) [17]. Other known important DNA repair
genes influencing ionizing radiation sensitivity including DNA-PK, KU80/70, ATM and NBS [18-21].
Little information has been published for the available base excision repair mutants. Although,
Ludwig and collegues have reported that early Ape1-/- blastocysts show increased sensitivity to
radiation (base excision repair). Furthermore, data from our own lab showed that overexpression
of the DNA binding domain of polymerase beta resulted in increased radiosensitization of human
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squamous tumor cells (base excision repair) [22, 23]. In addition, mouse embryonic fibroblast defi-
cient in polymerase beta showed an increased sensitivity to ionizing radiation, but only when repli-
cation was reduced (chapter 2 and 3) [24, 25]. In addition to repair, it appears that lesion tolerance
or bypass can also influence sensitivity to a variety of cytotoxic agents. Finally, variations in
radiosensitivity throughout the cell cycle have been described. Generally, it is accepted that repli-
cating cells (S-phase cells) are more resistant to ionizing radiation in comparison to the other
phases of the cell cycle, while cells in G2/M-phase cells are the most radiosensitive.
Consequently, the combination of genetic factors and cell cycle phase distribution can cause
marked variation in radiosensitivity, which can have consequences for the success or failure of
radiotherapy. Greater understanding of factors affecting radiotherapy and identification of new
determinants of radiosensitivity can ultimately be used to increase radiation sensitivity in tumors
to improve radiotherapy.
BASE EXCISION REPAIR
Double strand break repair pathways have been extensively analyzed and while repair pathways
for other damages have been the subject of considerable research in cell free systems, relatively
less is known about repair of these damages in vivo. Base damages produced by ionizing radia-
tion are removed primarily by base excision repair. The thesis focuses on the role of base excision
repair in determining radiosensitivity.
Base excision repair is the major cellular defense pathway by which eukaryotic cells correct a vari-
ety of DNA damages, e.g. adducted nucleotides, abasic sites, single strand breaks and oxidative
base damage [12, 26, 27]. Base excision repair is a multiprotein pathway initiated by the excision
of the damaged base by DNA glycosylases, which are often specific for a particular type of lesion,
leaving an apurinic/apyrimidinic site with mutagenic potential. Subsequently, the apurinic/apyrimi-
dinic site is processed by AP endonuclease (APE), which incises the sugar-phosphate backbone,
leaving a nick in the DNA with 5'-deoxyribose phosphate (dRP) and 3'-OH. Further processing can
occur along at least two base excision repair sub-pathways: 'short patch' base excision repair and
'long patch' base excision repair. In case of short patch base excision repair, DNA polymerase beta
is thought to remove the hindering 5'-deoxyribose phosphate moiety and to fill the gap by synthe-
sis of one nucleotide. This short patch repair is completed by the XRCC1/ligaseIII complex that
seals the nick [27]. Long patch base excision repair results in the insertion of several nucleotides
(2-12) by polymerase beta or the proliferating cell nuclear antigen (PCNA)-loaded replicative DNA
polymerases delta and epsilon, and the endonuclease activity of flap endonuclease 1 (FEN1) to
remove the resulting short chain flap. This long patch repair is completed by ligaseI [13, 14, 28,
29]. The interplay between DNA polymerases in base excision repair sub-pathways is still under
discussion. The base excision repair pathways are illustrated in figure 1. In addition to these path-
ways initiated mainly by monofunctional glycosylases, bifunctional glycosylases remove the base
lesion and simultaneously generate a nick by their 3'-beta-lyase activity. This results in a baseless
sugar that can be removed by AP endonuclease 1 (APE1) and is proposed to predominantly initi-
ate short patch, polymerase beta-dependent base excision repair. Most glycosylases directed
against oxidized bases, as induced by ionizing radiation, are bifunctional. Single strand breaks
have been shown to be repaired by a process similar to base excision repair, involving polymerase
beta and XRCC1. In addition, however, polynucleotide kinases are first thought to trim the ends of
the single strand nick to render it a suitable substrate for polymerase [30, 31].
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DNA POLYMERASE BETA
DNA polymerase beta is known to be a key enzyme in base excision and single strand break
repair. The data presented in this thesis is concentrated on DNA polymerase beta. Using poly-
merase beta deficient cells we investigated the role of base excision repair in determining radia-
tion response (chapter 2, 3, 4 and 6).
Available data suggest that polymerase beta plays a major role in short patch base excision repair
but can also initiate long patch repair. DNA polymerase beta belongs to the X family of DNA poly-
merases, comprising others such as terminal deoxy-nucleotidyl-transferase (TdT), polymerase
lambda and polymerase mu. Polymerase beta is found in all vertebrate species as a 39 kDa
monomeric protein and has two catalytic domains; the N-terminal 8 kDa dRP lyase and DNA bind-
ing domain, and the C-terminal 31 kDa DNA polymerase domain [32-34]. In contrast to replicative
13
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Figure 1. Base excision repair pathway. An aberrant base is recognized  and cleaved by a lesion specific DNA glycosylase. This result
in the removal of the aberrant base from the sugar phosphate backbone, leaving an abasic  site. AP endonuclease (APE1) makes a nick
by hydrolyzing the phosphordiester bond directly 5' of the abasic site, leaving a nick in the DNA with 5'-deoxyribose phosphate (dRP)
and 3'-OH. The 5'-deoxyribose phosphate is removed by the lyase activity of polymerase beta  (POLβ) that then also fills in the gap with
the appropriate nucleotide (short-patch base excision repair (BER) pathway). The final ligation of the nick is catalysed by XRCC1 and lig-
ase III. The one-nucleotide-gap intermediate might also be repaired by the long-patch BER pathway without the involvement of POLB. In
this pathway, a complex of proliferating cell nuclear antigen (PCNA), replication factor C (RFC) and POLδ/ε work together to carry out
repair synthesis by nick translation concomitant with displacement of 10-20 nucleotides 3' to the gap. The single-stranded flap structure
is then cleaved by flap endonuclease 1 (FEN1) and the nicked DNA is ligated by ligase I. 
polymerases, polymerase beta lacks any intrinsic 3'-5'exonuclease activity and is incapable of
proofreading [27, 35]. The 8-kDa domain contributes dRP lyase activity and gapped targeting
through 5'-phosphate recognition [32, 33]. In vitro studies and studies with purified polymerase
beta showed that polymerase beta can completely fill short gaps like those found during base exci-
sion repair [36-39]. In vitro experiments, using cell extracts, further implicated polymerase beta in
single nucleotide base excision repair [40, 41]. However, polymerase beta deficient cell extracts
are able to perform single nucleotide base excision repair of abasic sites and oxidized DNA
lesions, indicating that other polymerases can substitute for polymerase beta [28, 42, 43] and
chapter 6. Deletion of the polymerase beta gene in mouse models is embryonic lethal [44].
However, polymerase beta deficient mouse embryonic fibroblasts are viable and characterized by
hypersensitivity to monofunctional DNA alkylating agents such as methyl methanesulfonate (MMS)
[45]. Detailed information on the sensitivity to DNA damaging agent are listed below and summa-
rized in table 1.
The newest member of the X family of DNA polymerases, polymerase lambda, might also play a
backup role in base excision repair. Mammalian polymerase lambda shares 32% amino acid
homology with polymerase beta and has intrinsic dRP lyase activity. In vitro studies showed a
repair deficiency when lacking polymerase lambda in an in vitro BER assay [46-48]. Furthermore,
polymerase lambda deficient mouse embryonic fibroblast cells are characterized by hypersensi-
tivity to oxidative damage produced by hydrogen peroxide (H2O2) and 5-hydroxymethyl-2'-
deoxyuridine (HmdUrd), suggesting participation in oxidative DNA damage base excision repair
[42]. However, the major role of polymerase lambda is still undefined since polymerase lambda is
also involved in processing DNA ends during non-homologous end joining. New findings on the
role of DNA polymerase lambda in determining sensitivity to DNA damaging agents are described
in chapter 5.
BASE EXCISION REPAIR AND THE TOXICITY TO DNA DAMAGING AGENTS
Genome integrity can be threatened by environmental agents such as ultraviolet light (UV), ioniz-
ing radiation (IR), carcinogens and cytotoxic compounds, as well as by endogenous factors, such
as reactive oxygen species (ROS) [49, 50]. To prevent mutations and cell death after exposure to
DNA genotoxic agents, excision of the lethal DNA damage and insertion of the correct nucleotide
by DNA repair pathways is of utmost importance. Base excision repair is involved in the cellular
response to remove subtle forms of DNA damage that are formed by certain DNA damaging com-
pounds, e.g. alkylating agents and ionizing radiation, as listed in detail below and summarized in
table 1.
Methylating agents
Strong evidence has been obtained that cell killing by methylating agents requires functional base
excision repair. DNA polymerase beta deficient mouse embryonic fibroblasts are highly sensitive
to the methylating agents methyl methanesulfonate (MMS) [45, 52-54] and the chemotherapeutic
analog temozolomide (TMZ) [52] when compared to the corresponding polymerase beta proficient
cell lines. In addition, polymerase beta deficient cells are hypersensitive to other methylating
agents, such as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), N-methyl-N-nitrosourea (MNU)
and dimethylsulphate (DMS), and ethylating agents, such as ethyl methanesulfonate (EMS) and
N-ethyl-N-nitrosourea (ENU) [45, 52, 53]. Several observations led to the proposal that the cyto-
14
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toxicity observed in polymerase beta deficient cells reflects accumulation of toxic repair interme-
diates such as the 5'-dRP group.
Oxidative agents
Initial studies showed that polymerase beta deficient cells were not hypersensitive to oxidative
agents [45]. However, more recently it was shown that polymerase beta deficient fibroblasts are
hypersensitive to oxidative damaging agents, such as hydrogen peroxide and peroxynitrite, after
longer times in culture [55]. Late passage cells showed hypersensitivity compared with early pas-
sage polymerase beta deficient cells and compared with early and late passage wild-type cells. It
is likely that polymerase beta is important in oxidative DNA repair but that this is masked by an
alternative repair pathway(s) in early passage deficient cells, that becomes down regulated as the
cell ages. The importance of polymerase beta in the repair of oxidative damage was supported by
data obtained by comparing early and late passage polymerase beta deficient cell extracts in an
in vitro assay [43, 56].
Ionizing radiation
DNA polymerase beta deficiency confers no hypersensitivity to ionizing radiation, which generates
DNA lesions that are structurally similar to hydrogen peroxide [45, 52, 57]. However, expressing a
truncated polymerase beta protein, lacking polymerase activity but exhibiting DNA binding, led to
radiosensitization of human tumor cells [23]. An in vitro study using polymerase beta deficient cell
extracts supported a role for polymerase beta in the repair of both base damages and single strand
breaks, both lesions induced by ionizing radiation [58]. Recently, it was shown by our own group
that cultures of DNA polymerase beta deficient mouse embryonic fibroblasts are considerably
more sensitive to ionizing radiation than wild-type cells when the proliferative fraction is low (chap-
ter 2 and 3) [24, 25]. The model described herein strongly suggests that efficient alternative path-
ways exist in replicating cells.
Other drugs, inhibitors
Polymerase beta deficient cells show no hypersensitivity to ultraviolet light exposure [13, 53, 59]
or to cisplatin [55] and chloroethylating nitrosoureas [52, 53]. DNA damage produced by these
agents is primarily repaired by other pathways. Several lines of research, using inhibitors of poly-
merase beta, suggest a potential therapeutic practice. The base excision repair inhibitor
methoxyamine (MX) reacts with the 5'-deoxyribose phosphate group of the abasic site, thereby
rendering the abasic site refractory to the beta-elimination step involved in the dRP lyase activity
of polymerase beta, thus blocking single nucleotide base excision repair [60, 61]. However, MX
adducted sites can be removed by the endonuclease Fen1 after a longer stretch of synthesis, so
repair may occur through long patch pathways [62]. Exposure to MX sensitizes polymerase beta
wild-type, but not polymerase beta deficient cells, to the cytotoxic effects of MMS. The data is con-
sistent with the known effect of methoxyamine on the polymerase beta-dependent short patch
base excision repair [13]. However, we showed that methoxyamine radiosensitizes polymerase
beta deficient cells but not wild-type cells, as discussed in chapter 2 [24]. 
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POLYMERASE BETA ASSOCIATED VARIANT LINKED TO CANCER
Recent studies have shown that expression of some polymerase beta variants or changes in
expression of wild-type polymerase beta protein, as frequently found in cancer cells, can lead to
DNA repair synthesis errors and to a mutator phenotype. Thirty percent of human tumors exam-
ined to date express DNA polymerase beta variant proteins. Polymerase beta gene mutations have
been identified in breast, lung, prostate, gastric, colorectal and bladder cancers [63-68]. Sweasy
and collegues showed that one of the polymerase beta variants identified in colon carcinoma inter-
feres with base excision repair in cells [69]. This may result in unfilled gaps which can serve as
substrates for recombination and result in genomic instability. DNA polymerase beta has also been
shown to be overexpressed in a variety of tumors. Albertella and colleques found that polymerase
beta was most frequently overexpressed in uterus, ovary, prostate and stomach cancer [70]. In
some cases, overexpression in cells conferred a transformed phenotype. In other cases, overex-
pression resulted in telomere fusions. Finally, expression of the truncated polymerase beta protein
has been demonstrated in colorectal and breast cancers, suggesting that dominant negative
mutants of polymerase beta may interfere with normal repair and as a result induce genetic insta-
bility and sensitivity to DNA damaging agents. Thus, mutant forms or aberrant quantities of poly-
merase beta confer a mutator phenotype. Indeed, data from our own group showed that transfor-
mation of cells with a dominant negative mutant of polymerase beta resulted in radiosensitization
[23, 58, 71]. 
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In summary, approximately 30% of tumors studied to date express polymerase beta variant pro-
tein, and several tumors overexpress polymerase beta. Some of the specific variants have bio-
chemical properties that lead to genomic instability. Thus, expression of altered forms of the poly-
merase beta protein may be linked to the etiology of human cancer.
IMPLICATIONS OF BER DEFICIENCY FOR THE TREATMENT OF TUMORS
Variants of polymerase beta or changes in expression may also influence treatment outcome.
Tumors harboring a dominant negative polymerase beta, which binds to DNA nicks but cannot syn-
thesize DNA, might be more sensitive to alkylating agents or ionizing radiation. Alternatively, poly-
merase beta null tumors might be more sensitive to ionizing radiation in combination with the base
excision repair inhibitor methoxyamine because methoxyamine radiosensitizes polymerase beta
deficient cells but not wild-type cells, as discussed in chapter 2. Furthermore, radiosensitization
might also be obtained in polymerase beta null tumors with a reduced fraction of proliferation, e.g.
by using replication inhibitors, thereby inhibiting alternative repair pathways (chapter 2 and 3).
TRANSLESION DNA SYNTHESIS
DNA repair processes, such as base excision repair, removes most of the DNA damage present in
the cell. However, DNA damage which escapes repair can stall DNA replication, lead to fork col-
lapse, and ultimately result in genetic instability. Translesion DNA synthesis is a fundamental DNA
damage tolerance mechanism in both prokaryotic and eukaryotic cells that is able to overcome
stalled DNA replication caused by base damage. Because translesion synthesis is shown to be
also involved in coping with DNA lesions and/or can act as a backup for DNA polymerase beta, we
studied one aspect of translesion synthesis in this thesis (chapter 6). The process of translesion
synthesis utilizes a class of recently identified DNA polymerases that are specialized for incorpo-
ration deoxynucleotides opposite sites of base damage. At least 10 such specialized polymerases
have been identified in higher eukaryotes, a number of which belong to a new protein family called
the Y family. The mammalian Y family comprises four DNA polymerases designated polymerase
eta, polymerase iota, polymerase kappa, and REV1 [72]. In chapter 6, we investigated the role of
polymerase iota in response to ionizing radiation and MNNG.
DNA polymerase iota
Polymerase iota is a paralog of polymerase eta, both being homologous to Saccharomyces cere-
visiae Rad30 (poleta). In vitro studies showed that polymerase iota can perform translesion syn-
thesis across a cyclobutane dimer and a pyrimidine (6-4) pyrimidone photoproduct. Moreover,
polymerase iota can bypass abasic sites, 8-oxo-G and some bulky adducts. In addition, poly-
merase iota colocalizes with polymerase eta in nuclear foci after UV irradiation. However, poly-
merase iota does not complement the UV sensitivity of xeroderma pigmentosum variant human
cell lines, deficient in polymerase eta [73]. Furthermore, in vitro studies showed a role for poly-
merase iota in base excision repair. Similar to polymerase beta, polymerase iota has deoxyribose
phosphate lyase activity and polymerase activity, although its recently discovered inability to
remove the 5'dRP group might prevent its functional participation in base excision repair in vivo
[74]. Using uracil containing substrates, polymerase iota can act with the glycosylase UDG, AP
endonuclease and ligaseI to complete repair in vitro, as efficient as polymerase beta [74, 75]. In
addition, purified polymerase iota is able to complement the base excision repair defect in poly-
17
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merase beta deficient extracts using uracil containing substrates. Moreover, bulky adducted gua-
nine, a major lesion induced by alkylating agents, which is primarily removed by short patch base
excision repair, can be bypassed by polymerase iota [74, 75]. Polymerase iota can also carry out
translesion synthesis past some other lesions in vitro with reduced efficiency, but whether it also
does so in vivo is uncertain. In vivo data from our own showed increased sensitization to MNNG
after knocking down iota in mammalian cells. In addition, we observed bright fluorescent poly-
merase iota foci after MNNG treatment and ionizing radiation. Furthermore, polymerase iota
knock-down radiosensitized polymerase beta deficient mouse embryonic fibroblast significantly
(chapter 6).
MICROARRAY ANALYSIS
Several studies have shown that gene expression patterns are markedly affected by ionizing radi-
ation and might predict the tumor response [76]. The observed changes in gene expression are
known to play a role in the initiation of cell cycle arrest and apoptosis [77, 78]. However, the rela-
tion between ionizing radiation response and transcriptional regulation of gene expression has not
been studied with respect to polymerase beta status. In chapter 3 of this thesis we undertook a
study to look for changes in global gene expression that occur in mouse embryonic fibroblasts,
deficient and proficient for polymerase beta. We studied the response to ionizing radiation in time,
at two different growth stages, logarithmic growing and confluent. 
Recent advances in bioinformatics and high-throughput technologies such as microarray analysis
are bringing us forward in the understanding of the molecular mechanisms underlying biological
processes. Gene expression profiling can measure the expression of thousands of genes in a sin-
gle sample. It has therefore become a standard tool for identifying and characterizing gene expres-
sion under different biological conditions.
At present, multiple microarray platforms exist that use varying parameters. These parameters
include distinct sets of genes, either cDNAs or small oligonucleotide sequences, spotted on a
glass slide, and the use of two different methods to determine gene expression. One approach is
to apply a single test set of fluorescently labelled cDNA from a sample to the array. Another
approach is to hybridize both a test set and a reference set of differentially labelled cDNA to a sin-
gle microarray, and measure the ratio. The latter approach will facilitate comparison of data across
multiple experiments [79]. In addition, specialized microarrays are available that contain smaller
subsets of genes, e.g. whole kinase family, in order to define changes in a particular pathway.
For the analysis and interpretation of microarray data, a range of computational tools are available
[80]. The two basic approaches are unsupervised clustering analysis, which orders both samples
and genes on the basis of their similarity of gene expression [81], e.g. supervised methods, which
seek to identify gene-expression patterns specific for predefined groups of samples [82]. 
Time series microarray experiments are widely used to study biological processes, such as the
transcriptional response to ionizing radiation in time. For analysis of such data, specific software
has been designed to cluster, compare and visualize short time series microarray expression data.
Short Time-series Expression Miner (STEM) is one such useful tool which we have employed here.
Alternatively, expression data can also be imported into an Excel spreadsheet for further analyses.
18
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Integration with the Gene Ontology and other functional and pathway information can complement
analysis with STEM and other programs.
The question addressed in chapter 4 was whether gene expression changes could be found,
resulting from polymerase beta deficiency and growth state changes, which could explain the
observed radiosensitivity differences described in chapter 2. In addition to genes in the base exci-
sion repair pathway, we were also interested in changes in other pathways known to be associat-
ed with radiosensitivity. For the data processing and statistical analysis we performed unsuper-
vised cluster analysis, SAM, spreadsheet, and pathway analysis. In summary, our results show
that knocking out a single gene, namely DNA polymerase beta affects the transcriptional response
to DNA damage induced by ionizing radiation of many genes and pathways, including some not
directly related to base excision repair but which are known to affect radiosensitivity. Furthermore,
the study indicates the complexity of the transcriptional response to ionizing radiation, and may
indicate new targets to modulate radiosensitivity. However, the findings in this study need further
validation of the genes and pathways indicated here as being involved in the polymerase beta
dependent radiosensitivity changes.
19
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OUTLINE OF THE THESIS
Radiotherapy has developed into a potent and widely used modality in cancer treatment, exploit-
ing the destructive nature of ionizing radiation. However, a proportion of patients still fail after
radiotherapy, one cause being cellular resistance. To improve radiotherapy, a better understand-
ing of how cells cope with radiation damage is necessary. The purpose of this thesis was to fur-
ther define determinants of radiosensitivity in mammalian cells. We hypothesized that base exci-
sion and single strand break repair may offer novel targets. From human cancer cell data from our
own lab we already know that expression of a protein with dominant negative activity against DNA
polymerase beta can lead to increased radiosensitivity. Since these results indicated a role of
polymerase beta in repair of ionizing radiation damage we further investigated the role of base
excision repair, and polymerase beta in particular, in repair of ionizing radiation damage. The ulti-
mate goal of this study is to improve the effectiveness of radiotherapy, which depends in large part
on a greater understanding of factors affecting radiosensitivity.
In the first part of this thesis, chapter 2 and 3, we investigated the role of base excision repair in
determining radiosensitivity. We used mouse embryonic fibroblast cell lines lacking the expression
of polymerase beta, a key enzyme in base excision repair, to study the involvement of base exci-
sion repair in the ionizing radiation response (chapter 2). To further investigate pathway usage
(short or long patch base excision repair) of polymerase beta in response to ionizing radiation, we
used the drug methoxyamine, a specific short patch repair inhibitor, and determined clonogenic
survival and ionizing radiation damage repair. In chapter 3 we have examined the importance of
polymerase beta during repair after ionizing radiation in confluent cells. Furthermore, we examined
a cell cycle phase dependent role of polymerase beta using synchronized cells. 
The question addressed in chapter 4 was whether gene expression changes could be found,
resulting from polymerase beta deficiency and growth state changes, which could explain the
observed radiosensitivity differences described in chapter 2. 
In chapter 5, we determined the role of polymerase lambda in response to ionizing radiation,
hydrogen peroxide and two other DNA break inducing agents, camptothecin and etoposide, using
polymerase lambda deficient mouse embryonic fibroblasts. 
The data described in chapter 2 and 3 strongly suggest the existence of an alternative short patch
polymerase. In chapter 6, we investigated the role of the translesion synthesis polymerase, DNA
polymerase iota, in response to DNA damaging agents.
Finally, in chapter 7 the findings of all these studies, as well as future perspectives in this area,
are summarized and discussed.
20
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ABSTRACT
Evidence for a role of DNA polymerase beta in determining radiosensitivity is conflicting. In vitro
assays show an involvement of DNA polymerase beta in single strand break repair and base exci-
sion repair of oxidative damages, both products of ionizing radiation. Nevertheless the lack of DNA
polymerase beta has been shown to have no effect on radiosensitivity. Here we show that mouse
embryonic fibroblasts deficient in DNA polymerase beta are considerably more sensitive to ioniz-
ing radiation than wild-type cells, but only when confluent. The inhibitor methoxyamine renders
abasic sites refractory to the 5'-deoxyribose phosphate lyase activity of DNA polymerase beta.
Methoxyamine did not significantly change radiosensitivity of wild-type fibroblasts in log phase.
However, DNA polymerase beta deficient cells in log phase were radiosensitized by
methoxyamine. Alkaline comet assays confirmed repair inhibition of ionizing radiation induced
damage by methoxyamine in these cells, indicating both the existence of a polymerase beta-
dependent long patch pathway and the involvement of another methoxyamine sensitive process,
implying the participation of a second short patch polymerase(s) other than DNA polymerase beta.
This is the first evidence of a role for DNA polymerase beta in radiosensitivity in vivo. 
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INTRODUCTION
Radiotherapy has developed into a potent and widely used modality in cancer treatment, exploit-
ing the destructive nature of ionizing radiation. However, a proportion of patients still fail after
radiotherapy, one cause being cellular radioresistance. To improve radiotherapy, a better under-
standing of how cells cope with radiation damage is necessary. Ionizing radiation causes DNA dou-
ble strand breaks (DSBs), single strand breaks (SSBs), base damages and crosslinks. Double
strand break repair pathways have been extensively analyzed and while repair pathways for other
damages have been the subject of considerable research in cell free systems, relatively less is
known about repair of these damages in vivo. 
Base damages produced by ionizing radiation are removed primarily by base excision repair (BER)
[1]. This process is initiated by the excision of the damaged base by lesion specific glycosylases,
leaving an abasic site. The sugar-phosphate backbone is then incised by AP endonuclease (APE1)
activity, leaving a nick in the DNA with 5'-deoxyribose phosphate (dRP) and 3'-OH. DNA poly-
merase beta (polbeta) is then thought to remove the dRP moiety and to fill the gap by synthesis of
one nucleotide. This short patch repair is completed by the XRCC1/ligaseIII complex. An alterna-
tive long patch repair pathway has been described [2-4], resulting in the insertion of several
nucleotides by polbeta or the proliferating cell nuclear antigen (PCNA)-loaded replicative DNA
polymerases delta and epsilon, and the endonuclease activity of flap endonuclease 1 (FEN1) to
remove the resulting short chain "flap". In addition to these pathways initiated mainly by mono-
functional glycosylases, bifunctional glycosylases remove the base lesion and simultaneously gen-
erate a nick by their 3'-beta-lyase activity. This results in a baseless sugar that can be removed by
APE1 and is proposed to predominantly initiate short patch, polbeta-dependent BER. Most glyco-
sylases directed against oxidized bases as induced by ionizing radiation are bifunctional. In addi-
tion to base damages, single strand breaks are formed after ionizing radiation. These have been
shown in vitro to be repaired by a process similar to BER, involving polbeta and XRCC1. In addi-
tion, however, polynucleotide kinases are first thought to trim the ends of the single strand nick to
render it a suitable substrate for polbeta [5]. In vivo data on repair of radiation induced single
strand breaks and base damages are more scarce and contradictory. Whereas XRCC1 deficient
cells are more sensitive to ionizing radiation [6], polbeta deficient cells have been shown to have
equal sensitivities to their wild-type counterparts [7;8]. This apparent conflict prompted us to inves-
tigate further the role of BER, and polbeta in particular, in repair of ionizing radiation damage. We
previously showed that expressing a truncated polbeta protein, lacking polymerase activity but
exhibiting DNA binding, led to radiosensitization of human tumor cells [9;10]. Results with this
dominant negative protein indicated a role of polbeta in repair of ionizing radiation damage.
Further studies implied that there were redundant pathways blocked by the DNA binding of the
dominant negative with these redundant pathways being a possible explanation for the lack of
effect of knocking out polbeta.
Here we show that these redundant pathways are active in replicating cells only, rendering con-
fluent polbeta deficient cells sensitive to ionizing radiation. To characterize these pathways further,
we also used methoxyamine (MX) that renders abasic sites refractory to the dRP lyase activity of
polbeta. These studies revealed a second MX sensitive backup pathway that contributed to the
equal survival of polbeta deficient cells. These experiments provided interesting insights into the
repair capacities of cells relevant to survival after ionizing radiation.
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MATERIALS AND METHODS
Cell lines
Wild-type mouse embryonic fibroblast cell line Mß16tsA (wild-type MEF) and the matched litter-
mate polymerase beta null cell line Mß19tsA (polbeta-/- MEF) were kindly provided by S. H. Wilson
(NIH). The polbeta complemented Mß19tsA cell line (polbeta-/- /betacompl MEF) was obtained
after transfection of a viral packaging cell line and transduction of the polbeta-/- MEF with a full
length mouse cDNA construct (IMAGE 6774075 cDNA clone was obtained from RZPD) in LZRS-
EGFP. Vector constructs were sequenced. Control cell lines carrying empty vector constructs (WT-
vec and polbetaKO-vec) were obtained separately after transduction of wild-type and polbeta-/-
MEF. Induction of reduced proliferation status was performed by growing cells to confluence
(about 5 days) and maintaining them in this state for 2-3 days. In a pilot experiment we determined
proliferation status and plating efficiency. No significant differences in growth rate or cell survival
were observed between the cell lines studied. The lowest BrdU labeling index (LI) without reduc-
ing the plating efficiency was reached on day 2-3 after reaching confluence. The LI did not drop
further by day 5 at confluence, whereas the plating efficiency decreased dramatically. Further
experiments were therefore restricted to 2-3 days at confluence. As the cells became confluent,
we observed a difference in the pH of the medium, being 7.4 and 6.4 for wild-type and polbeta-/-
cells, respectively. To exclude the possibility that the lower pH of polbeta-/- cells directly or indi-
rectly caused the increased radiosensitivity, we tested several regimens. At the time of irradiation
(5h before plating cells for survival), we replenished the medium with either conditioned medium
(wild-type pH 7.4; polbeta-/- pH 6.4; taken from parallel flasks of confluent cells), fresh medium
without serum (pH 7.4 for both cell types) or fresh medium containing 10% serum (pH 7.4 for both
cell types). The survival after ionizing radiation remained the same for all conditions (data not
shown). In addition, complementation with polbeta did not revert the decrease in pH when conflu-
ent, seen in polbeta-/- cells. Cycling cells were treated 2 days after plating when in mid log phase. 
Survival assays 
For clonogenic survival assays MEFs were seeded and after 6h, cells were irradiated using a
137Cs irradiation unit at a dose rate of 0.9 Gy/min. Alternatively, MEFs were irradiated 2 days after
seeding when in log phase and then trypsinized and plated into 100 mm plates after 5h for colony
formation. For clonogenic survival assays of confluent cells, MEFs were irradiated 2-3 days after
reaching confluence. For both log and confluent experiments with UV-C, cells were washed with
PBS (Gibco) before irradiation at a dose rate of 5 J/m2/s in a Stratalinker 2400 (Stratagene, CA),
incubated at 37°C for 5h to allow repair, after which cells were trypsinized and seeded in triplicate
for colony formation. For MMS sensitivity, MEFs were seeded into flasks and treated after 2 days,
or at 2-3 days at confluence, for 1h with methyl methane-sulphonate (MMS, Sigma-Aldrich) in
medium without FCS and antibiotics. The cells were trypsinized after additional culture of 5h in
fresh medium and plated for colony formation. After 8 days, colonies were fixed with 2.5% glu-
taraldehyde (Merck), stained with crystal violet (Merck) and counted either manually under a
binocular microscope or using an automatic colony counter (ColCountTH, Oxford Optronix, UK).
Survival was expressed as colonies per plated cells treated/colonies per plated cells untreated. 
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Sister chromatid exchange 
For sister chomatid exchange (SCE) measurements, 1.5 x 105 cells were seeded onto 25 cm2
flasks 24h before irradiation, using the 137Cs irradiation unit. Immediately following treatment,
cells were incubated in DMEM supplemented with 10 μM BrdUrd (Sigma) for 18 and 22h (two cell
cycle periods). Colcemid (0.2 μg/ml, Gibco) was included for the last 2h of incubation. Metaphases
were subsequently collected by shake off, fixed and spread on slides according to standard pro-
tocols. Briefly metaphases were resuspended in hypotonic solution (75 mM KCl) and fixed with
methanol:glacial acetic acid 3:1. After staining with Hoechst 33258 (0.75 μg/ml, Sigma) for 20 min,
slides were exposed black light (366 nm), rinsed and stained with 5% Giemsa solution. Twenty to
sixty second division metaphase spreads were counted per point.
Cytotoxicity studies with MX
Clonogenic survival studies were also performed in the presence of methoxyamine hydrochloride
(MX, Sigma-Aldrich). For cytotoxicity studies in log phase, MX stock solution was added to the
required volume of antibiotic and serum free medium and NaOH added to achieve a pH of 7.2.
Dilutions of MMS were prepared in the MX containing medium. Cells were exposed to IR, UV-C,
MMS for 1h or hydrogen peroxide (H2O2, Sigma-Aldrich) for 1h in the presence or absence of MX.
Incubations in MX were continued for a total of 5h after which cells were plated for colony forma-
tion. For cytotoxicity studies at confluence, MX stock solution was added to the volume of either
conditioned medium or serum free medium. 
Single cell gel electrophoresis (comet assay)
The alkaline comet assay measures SSBs and DSBs by their ability to increase DNA migration out
of the nucleus during electrophoresis and was performed as described previously [11]. MEFs were
irradiated (4Gy) in the absence or presence of 60 mM MX, as described above, and assayed
immediately after radiation or returned to the incubator for 30 min to allow repair. Mean tail
moments for 50 cells per sample were quantified in each experiment, with the DM RXA Leica
microscope equipped with a Photometrics camera using a HQ-TRITC filter. Significance was cal-
culated using the Student's t test. 
Cell cycle phase determination
Cells were pulse labeled with 1 μM BrdU (Sigma) by incubating for 10 min at 37°C. Cells were then
trypsinized, resuspended in 1 ml of PBS and fixed by adding the cell suspension to 5 ml of ice-
cold 70% ethanol. Anti-BrdU staining was performed as described previously [9]. Samples were
measured using a FACScan flow cytometer (Becton Dickinson) and the data analyzed with the
WINMDI software package. The analysis of cell cycle phase distributions and labeling indices was
performed after gating out doublets (area versus width on the PI signal) and debris. Regions were
then placed around G1 and G2/M on the 2-parameter histograms (PI versus BrdU) with S phase
being the remaining population of cells. BrdU labeling index (LI) is BrdU positive cells / (BrdU neg-
ative cells + BrdU positive cells).
Western blot analysis
Whole cell lysates were analysed after PAGE and immunoblotting following established protocols.
Antibodies against DNA polymerase beta [18S] (ab3181) and alpha-tubulin (ab4074) were
obtained from Abcam (UK); Goat anti-mouse secondary antibody was from Santa Cruz (USA). 
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RESULTS
Polbeta-/- MEFs are hypersensitive to radiation when confluent
We first investigated whether polbeta played a significant role in ionizing radiation sensitivity in log
phase cultures. We found that polymerase beta deficient mouse embryonic fibroblasts (polbeta-/-
MEFs) were not more radiosensitive than their wild-type counterparts (figure 1A), a result also
found by others [7;8]. This would imply little or no involvement of polbeta in DNA repair after ion-
izing radiation under these conditions with polbeta-independent pathways being dominant for
repairing radiation induced base damage and single strand breaks. We hypothesized that these
backup pathways were associated with replication. Such replication associated repair would be
diminished in cell populations depleted of S phase cells. We therefore determined cell survival of
wild-type or polbeta-/- MEFs in confluent cultures. Growing the cells at confluence for 2-3 days did
not significantly alter the plating efficiencies of either wild-type or polbeta-/- MEFs, implying no loss
of cell viability at this stage (see materials and methods). However, at longer times plating effi-
ciencies dropped significantly, in particular in the polbeta-/- cells. To define the log and confluent
status of wild-type and polbeta-/- MEFs, BrdU labeling was carried out. The labeling index (LI) for
all experiments shown here were broadly consistent with pilot experiments, showing a reduction
from around 70% in log phase to around 30% for confluent cultures. 
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FIGURE 1. MEFs deficient for polbeta show increased radiosensitivity when confluent. Clonogenic survival after ionizing radiation for
log phase (A) and confluent (B) cells demonstrated that polbeta-/- cells were only more sensitive to irradiation when confluent. The dashed
lines in B represent the curves from A. Mean of 3-4 independent experiments; error bars are SD. (C) The proportion of replicating cells
decreased in confluent cultures of wild-type and polbeta-/- MEFs. LI was determined by flow cytometry. Numbers in the table represent the
mean and SD of BrdU LI (%) in log phase and confluent cell cultures of the experiments shown in (A) and (B). 
In contrast to log phase cells, confluent polbeta-/- cells were significantly more sensitive to ioniz-
ing radiation than wild-type cells (figure 1B). A significant part of the effect was an increased resist-
ance of the wild-type cells in confluent monolayer in comparison to log phase cells (closed sym-
bols, figures 1A and B). Labeling indices for the irradiation experiments shown in figures 1A and B
are shown in figure 1C. In addition, complemented polbeta-/- cells showed a reduced radiosensi-
tivity in comparison to polbeta-/- cells in confluent cultures (figure 2A). Corresponding LI values
are shown in figure 2B. Increased radioresistance did not result from increased LI values. The LI
was similarly reduced in confluent cultures of complemented cells compared to vector controls.
Full length polbeta expression was confirmed by Western blot analysis (figure 2C). Remaining S
phase cells in confluent polbeta-/- cells typically showed lower BrdU incorporation (figure 1C and
2B). Although we did not observe differences in S phase content in the different cell lines used
(table 1), we did observe slightly decreased G1 and increased G2/M in polbeta-/--based cell lines.
This cell cycle phase distribution was maintained in the polbeta complemented polbeta-/- cell lines
displaying increased radioresistance and is therefore not the cause of the hypersensitivity to ion-
izing radiation.
To exclude polbeta unrelated changes in a general DNA damage response and BER in particular,
we also tested sensitivity to UV-C and methyl methanesulfonate (MMS). In contrast to ionizing
radiation, neither confluent polbeta-/- nor wild-type cells showed an altered UV-C response. For
log phase and confluent cells, we found little or no difference in UV-C sensitivity for polbeta-/- and
wild-type cells (figure 3A), consistent with a lack of involvement of polbeta in nucleotide excision
repair (NER). At confluence, polbeta-/- cells were considerably more sensitive to MMS-induced
damage than wild-type cells (figure 3B), comparable with the results for log phase cells, although
polbeta-/- cells were more resistant to MMS at confluence than in log phase. These data show that
the polbeta-independent UV-C response was not affected by growing cells to confluence.
Resistance to MMS in polbeta deficient cells demonstrated specificity for ionizing radiation.
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FIGURE 2. Expression of polbeta in polbeta-/- cells reverts hypersensitivity. (A) Expression of full length polbeta complemented hyper-
sensitivity to ionizing radiation in confluent polbeta-/- cells (polbeta-/- /betacompl) as determined by clonogenic survival. Survival of vector
controls (polbeta-/--vec and WT-vec) were similar to those in figure 1. Mean of 3-8 independent experiments; error bars are SD. (B) The
proportion of replicating BrdU incorporating cells decreased in confluent cultures. LI was determined by flow cytometry. Numbers in the
table represent the mean and SD of LI (%) of the experiments shown in (A). (C) Western blot analysis of polbeta (upper panel) and tubu-
lin (lower panel) in polbeta-/--vec, wild-type-vec and polbeta-/- /betacompl MEFs.
To further characterize the confluent state, we looked at expression of various proteins involved in
proliferation and/or repair. No significant differences were observed between confluent and log
phase cells in PCNA, XRCC1 or FEN1 (data not shown). However, in agreement with a reduced
fraction of S phase cells, the mRNA levels of cyclin A and cyclin B1 decreased at confluence for
wild-type and polbeta-/- cells, determined with an independent microarray experiment (data not
shown). Taken together, these results show that polbeta-/- MEFs are hypersensitive to ionizing
radiation compared with wild-type MEFs, but only when confluent in a reduced proliferative state. 
One explanation for the lack of difference in radiosensitivity of wild-type and polbeta deficient cells
in log phase could be that there are efficient backup pathways in actively growing cells. DSBs
resulting from unrepaired SSBs and accumulated nicked BER intermediates could be repaired by
homologous recombination. We therefore measured induction of sister chromatid exchanges
(SCEs) as a marker of homologous recombination, an S/G2-dependent process [12]. 
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FIGURE 3. UV and MMS sensitivity in confluent cells. (A) Sensitivity to UV-C did not alter in the wild-type and polbeta-/- cells when con-
fluent (confl) compared to log phase cells (log), as determined by clonogenic survival. (B) Neither wild-type nor polbeta-/- cells were more
sensitive to MMS (1h exposure) when confluent compared to log phase, as determined by clonogenic survival. Mean of 3-8 independent
experiments; error bars are SD.
FIGURE 4. Quantification of the number of sister chro-
matid exchanges per metaphase induced after ionizing
radiation. 
Although we found somewhat more SCEs in polbeta-/- cells compared to wild-types (figure 4),
yields were low for both, consistent with the known inefficient induction of SCEs by ionizing radi-
ation. We found a maximum of around 5 radiation-induced SCEs per metaphase at 2 Gy (above
background). By comparison, XRCC1 deficient EM9 cells have been reported to have over 100
spontaneous SCEs per cell [13]. It is therefore unlikely that homologous recombination plays a sig-
nificant role as a backup pathway in these cells in the absence of polbeta. High doses of radiation
will result in cell cycle blocks that could prevent cells proceeding through two full replication
cycles. This would result in a decreased number of metaphases with characteristic harlequin chro-
mosomes. However, we did not observe any changes in the distribution of cells with and without
harlequin metaphases, indicating no shifts or biased elimination of damaged cells.
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FIGURE 5. MX increases sensitivity to ionizing radiation in polbeta-/- cells. (A) Survival of wild-type and polbeta-/- MEFs in log phase
after ionizing radiation (4Gy) in the absence or presence of MX (5h incubations). Surviving fractions were corrected for MX cytotoxicity in
B. Data are from a representative of 3-4 experiments, error bars are SD. (B) Survival of wild-type and polbeta-/- cells after exposure to MX
for 5h in unirradiated cells. Data are from a representative of 3-4 experiments, error bars are SD. (C) Survival of wild-type and polbeta-/-
cells to UV-C (1.8J/m-2 and 5J/m-2), in the presence or absence of MX (5h). Surviving fractions were corrected for cytotoxicity of MX. Data
are from a representative of 3-4 experiments (5J/m-2) or mean of 3 experiments (1.8J/m-2 ); error bars are SD. (D) Survival of wild-type
and polbeta-/- cells to MMS in the presence or absence of 30mM MX. Surviving fractions were corrected for cytotoxicity of MX alone. Data
are from a representative of 3-4 experiments, error bars are SD. (E) MX sensitized wild-type and polbeta-/- cells equally to 100μM H2O2.
Surviving fractions were corrected for MX cytotoxicity. Data are the mean of 3 experiments; error bars are SD.
MX increases sensitivity to ionizing radiation in polbeta-/- MEFs
To further clarify the roles of the two main pathways of BER after ionizing radiation we used the
drug methoxyamine (MX), known to prevent the removal of the 5'-deoxyribose phosphate (dRP)
group at the initial step in short patch BER. Administration of MX demonstrated involvement of
short and long patch BER in protecting cells against alkylating agents [14]. In log phase, wild-type
cells showed little or no increased radiosensitivity after MX treatment (figure 5A). In contrast, pol-
beta-/- cells showed a marked increase in radiosensitivity at MX concentrations above 30 mM. MX
showed little cytotoxicity in the absence of radiation to either wild-type or polbeta-/- MEFs up to
the maximum concentration used (figure 5B). This supports a crucial role for an MX resistant path-
way for wild-type cells (no survival change after eliminating short patch repair). The fact that irra-
diated polbeta-/- cells were highly sensitive to MX suggests the involvement of another MX sensi-
tive pathway (comparison with and without MX in polbeta-/- cells). The data also indicate the exis-
tence of a polbeta-dependent, MX resistant pathway in repairing ionizing radiation damage (com-
parison of wild-type and polbeta-/- cells at high MX concentrations). We carried out sensitivity tests
on three other cytotoxic agents as controls. It has been reported previously that polbeta-/- cells are
not hypersensitive to UV-C irradiation [8;14]. We therefore tested UV-C sensitivity after MX treat-
ment as a negative control in log phase cells. We found that neither wild-type cells nor polbeta-/-
cells were sensitized to UV-C irradiation in the presence of MX (figure 5C). We next tested the
effect of MX on the hypersensitivity of log phase polbeta-/- MEFs to MMS. We confirmed that pol-
beta-/- cells were considerably more sensitive to MMS than wild-type cells (open versus closed cir-
cles, figure 5D). In addition, MX significantly sensitized wild-type cells to MMS with little or no sen-
sitization in polbeta-/- cells, consistent with its known effect on the polbeta-dependent short patch
repair [8;14]. Surviving fractions after 1h exposure of 1 mM MMS in the presence of 60mM MX
were 0.22 and 0.011 for wild-type and polbeta-/- cells respectively. The high concentrations of MX
did not alter MMS sensitivity in the polbeta-/- cells. Horton et al. previously reported maximal sen-
sitization at 20 mM MX [14]. Next, we tested H2O2 sensitivity after MX treatment. We observed
equal H2O2 sensitivity in both cell lines, a result also reported by others [8;15]. MX significantly
sensitized wild-type and polbeta-/- cells to H2O2 similarly (figure 5E), indicating MX-dependent
and polbeta-independent repair of H2O2 induced damage
We also attempted to study the effect of MX on the radiation response of confluent cells (data not
shown). Wild-type cells showed little or no increase in radiosensitivity after MX treatment. MX
treatment did not alter the survival of the, at confluence, radiosensitive polbeta-/- cells, indicating
that the MX sensitive process demonstrated in log phase cultures is proliferation dependent. It
should be noted, however, that the survival data were corrected for the cell kill by drug alone:
under confluent conditions, MX did not show any cytotoxicity to wild-type cells, whereas polbeta-
/- cells were sensitive to the drug. This greater MX toxicity was polbeta-dependent, indicating that
confluent cells have less MX-resistant backup pathways for the polbeta deficiency in repairing
spontaneous DNA lesions. 
Ionizing radiation damage repair is decreased in polbeta-/- cells in the presence of MX
MX has been shown to inhibit BER after alkylating damage. We therefore analyzed the effect of
MX on repair of ionizing radiation damage using cellular repair assays. Using the alkaline comet
assay, time course experiments with log phase MEFs showed that around half of the initial radia-
tion damage after 4Gy was repaired by 30 min. MX inhibited repair significantly in polbeta deficient
cells (figure 6A), with little effect on wild-type cells. Repair was reduced by 2 fold. Repair inhibition
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was observed in the majority of polbeta-/- cells as demonstrated in the histograms shown in figure
6B. These data confirmed repair inhibition of ionizing radiation damage by MX in polbeta deficient
cells, thereby leading to increased cell kill after ionizing radiation. S phase content was determined
by BrdU labelling experiments. No changes were observed within the given time frame in wild-type
or polbeta-/- cells before or after MX treatment or radiation that could have resulted in a polbeta
independent cell cycle related repair inhibition.
Together with the radiosensitization of polbeta deficient cells when confluent, this is the first evi-
dence of a role for DNA polbeta in the response to ionizing radiation damage in vivo.
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FIGURE 6. Ionizing radiation damage repair is decreased in polbeta-/- cells in the presence of MX, as measured by the alkaline
comet assay. (A) Average tail moments after ionizing radiation with and without MX treatment (60mM) of wild-type and polbeta-/- MEFs
cells. Asterisk marks sample with a significant difference in comet tail moments after adding MX (p < 0.01, student's t- test). Mean of 3 inde-
pendent experiments, except 2 experiments for 120 min time point; errors are SD. (B) Distribution of tail moments (steps of 0.025 a.u.) in
the absence (light grey bars) or presence (black bars) of 60mM MX for wild-type (left histograms) and polbeta-/- MEFs (right histograms).
Top three panels show the time course after 4Gy. The lower panels show control histograms for 0Gy in the absence or presence of 60mM
MX for two hours.
DISCUSSION
These data represent the first direct demonstration of a role for DNA polymerase beta status in
radiation sensitivity in vivo, showing its importance in confluent cells. In vitro studies have shown
polbeta to be central in repairing both base damages and single strand breaks, both lesions
induced by ionizing radiation [1;5]. The lack of effect of polbeta status in log phase cells, at first
surprising, is apparently due to efficient alternative pathways involving other polymerases. The
data described here imply there are at least four possible pathways for repairing radiation induced
damage, comprising polbeta-dependent and independent short patch repair, and polbeta-depend-
ent and independent long patch repair. This conclusion also supports previous proposals based on
in vitro data [4;16-21]. They further indicate that reducing repair of base damage and single strand
breaks could have important consequences for radiosensitivity, with potential implications for drug
targets aimed at improving radiotherapy.
Polbeta dependence and growth state
Wilson and colleagues [8] showed that polbeta deficient cells are highly sensitive to alkylating
damage caused by MMS and MNNG, thus proving it's involvement in base excision repair. The
cells were not more sensitive to ionizing radiation, however (figure 1A, and [7]). Data from in vitro
studies on BER of oxidative damage, on single strand break repair (SSBR) and on protein inter-
action studies showed an important role for polbeta in these processes. Despite this, only
XRCC1/LigaseIII and APE1 have been identified as in vivo determinants of radiosensitivity within
the proteins involved in SSBR and BER [6;22;23]. Interestingly cells deficient in SMUG and UNG
exhibit hypersensitivity to ionizing radiation, indicating a crucial role of BER after ionizing radiation
[24].
Here we show that by reducing the proportion of S-phase cells, the polbeta deficient cells are ren-
dered hypersensitive to ionizing radiation, exposing their dependence on polbeta. Reduction in the
LI by 2-fold was to cause significant radiosensitization, confirming the critical role of polbeta-inde-
pendent repair pathways in log phase cells. The fact that this effect was specific to ionizing radia-
tion is underlined by the unchanged sensitivities to other DNA damaging agents such as UV-C.
This excludes factors unrelated to BER in a general DNA damage response that could have result-
ed in increased radiosensitivity. In addition, MMS sensitivity ratios (wild-type to polbeta-/-)did not
indicate general increased sensitivity of the deficient cells when confluent. DNA damage after
MMS exposure is repaired mainly by polbeta driven BER, with little involvement of polbeta-inde-
pendent long patch repair [14]. This repair capacity apparently remained unchanged in confluent
cells with similar survival in the wild-types. In contrast to radiation, survival increased in the con-
fluent polbeta deficient cells. MMS treatment in these repair deficient cells will lead to the accu-
mulation of BER intermediates. These are thought to cause replication fork stalling thereby lead-
ing to cell death, with 5'dRP sites representing the cytotoxic lesion [25;26]. In accordance with this
theory our data show that the proportion of replicating cells is critical in determining MMS sensi-
tivity in the repair deficient cells.
We observed that confluent wild-type cells were more resistant to radiation than log phase cells,
a common phenomenon also reported by others [27]. The cause of this is currently unknown. One
possible explanation is that similar to the MMS treated polbeta deficient cells with nicked interme-
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diates, the primary radiation induced nicks will convert to cytotoxic DSBs during replication ren-
dering repair proficient cells more resistant to ionizing radiation when confluent. Our findings indi-
cate that DNA polymerase beta activity is apparently central to this effect, since mutant cells
became more sensitive, not more resistant at confluence. Differences in ROS metabolism between
the two cell lines influencing IR damage and toxicity cannot be excluded. However, polbeta com-
plementation increased survival in confluent polbeta deficient cells, demonstrating polbeta
dependence of this effect. In polbeta deficient cells, an increase in LI when in log phase resulted
in an increase of survival at lower doses, indicating polbeta-independent repair alternatives under
this condition. We observed a decrease in BrdU incorporation in the replicating polbeta deficient
cells when confluent. This did not change significantly when complemented with polbeta while
radiation sensitivity was reverted. Although indicating problems during replication, or changes in
nucleotide biosynthesis, it did not result in sensitization to MMS or UV, demonstrating efficient
repair under this conditions. 
We did not observe any significant changes in sister chromatide exchanges (SCE) induced by ion-
izing radiation. Induction of SCE rates were low consistent with the known inefficient induction of
SCEs after ionizing radiation. DNA polymerase beta deficient cells show markedly higher SCEs
after alkylating damage indicating that the surviving cells use homologous recombination as a
backup repair for nicked BER intermediates [25]. Here we found no or minor increase in ionizing
radiation induced SCEs in polbeta-/- cells far below levels reported for XRCC1 deficient cells. We
therefore regard this small increase in homologous recombination events as insufficient to account
for the equal survival in the polbeta-/- demonstrating BER and SSBR proficiency after ionizing radi-
ation of these cells.
The independence of log phase radiosensitivity on polbeta therefore demonstrates a substantial
role of alternative polymerases in S phase cells, and thus in replication associated repair. Here we
show that cells deprived of this repair were strongly dependent on polbeta. The long patch path-
way, requiring a number of factors that are also involved in DNA replication such as DNA poly-
merases delta andepsilon, probably compensate for polbeta loss, as suggested by in vitro data
[17;28;29]. Although most glycosylases dealing with oxidative damage are bifunctional and thought
to predominantly initiate BER via a polbeta driven short patch pathway, our data imply that these
glycosylases, particularly S-phase induced glycosylases such as NEIL1 [30], are capable of coop-
erating with polymerases other than polbeta. SSBR in cell free extracts have demonstrated a crit-
ical role for polbeta [5;31]. Our data on confluent cells confirm this in vivo. In replicating cells,
however, it appears that repair does not depend on polbeta. This is consistent with reports of, first-
ly, a separate XRCC1-dependent replication coupled SSBR [32;33], and secondly, co-localization
of XRCC1 with PCNA in replication foci [34].
A second short patch repair pathway 
Methoxyamine reacts with the aldehyde group at abasic sites [35;36]. These stably adducted mol-
ecules are refractory to the beta-elimination involved in the dRP lyase activity of polbeta, thus
blocking single nucleotide BER [14]. However, MX adducted sites can be removed by the endonu-
clease FEN1 after a longer stretch of synthesis, and so does not inhibit long patch repair. Here we
show that MX is capable of inhibiting ionizing radiation damage repair as measured by alkaline
comet assays in polbeta deficient cells. The survival data for log phase cells showed that MX
resistant repair (probably long patch) is the major pathway in wild-type cells after ionizing radia-
40
CHAPTER 2
tion. However, MX increased radiosensitivity of polbeta deficient cells in log phase, implying the
existence of a polbeta-independent, MX sensitive process affecting survival. MX did not alter sen-
sitivity to UV-C, excluding processes unrelated to BER and SSBR. MX sensitization to MMS was
only seen in wild-type cells as expected. Higher MX concentrations up to 60mM did not increase
sensitivity to MMS non-specifically in the polbeta deficient cells. The DNA base damage spectrum
and cytotoxicity of the damages are different after alkylating damage and ionizing radiation, result-
ing in different numbers of MX sensitive sites or susceptibility to adduction. In addition, MX
radiosensitization of polbeta deficient cells but not wild-type cells, together with the fact that MX
resistant repair is apparently dominant in log phase cells, further implies that polbeta also partici-
pates in the long patch pathway, probably by FEN1 interaction, as found in in vitro repair assays
[37-39]. Although our data show that MX adducted sites after ionizing radiation are repaired by the
polbeta driven long patch pathway, it does not formally prove that this is also the case with non-
adducted sites.
DNA polymerases iota (poliota) and lambda (pollambda) have both been shown to be capable of
performing the resynthesis step in in vitro BER assays [40;41]. Both polymerases have been
reported to exhibit dRP lyase activity, probably being refractory to MX adducted sites. Pollambda
deficient cells have been shown to be hypersensitive to oxidative damage (i.e. H2O2) suggesting
participation in oxidative DNA damage base excision repair [42]. Consistent with these studies, our
data show sensitization by MX of both cell lines, wild-type and polbeta deficient cells, to H2O2.
DNA polbeta-independent sensitization by MX and lack of H2O2 hypersensitivity in polbeta defi-
cient cells compared to controls suggest involvement of another polymerase (probably pollambda)
in repair of oxidative damage. In contrast to our data, Horton et al. [15] previously showed little
effect of MX on H2O2 sensitivity on late passage wild-type cells. This is despite good concordance
of our data derived from colony formation assays on MMS and UV-C with previously published
data from growth inhibition assays. The discrepancy could nevertheless result from differences in
experimental conditions (passage number, type of sensitivity assay). 
MX sensitization was polbeta-dependent for IR but polbeta-independent for H2O2. Typical of ion-
izing radiation is the formation of clustered damage, not present after other oxidizing agents such
as H2O2, but affecting BER at these sites [43;44]. MX sensitization after ionizing radiation only in
polbeta deficient cells indicates a specialized role of the polbeta-dependent MX sensitive process
(such as another short patch polymerase) in repair of theses damages. 
Improving the effectiveness of radiotherapy remains an important goal, which depends in large
part on a greater understanding of factors affecting radiosensitivity. BER and SSBR may offer
novel targets, especially since expression of some of the proteins involved in these pathways have
been shown to vary between tumors [45;46], providing a possible way of selecting those tumors
which would benefit from such targeting. In summary, our data show that repair of ionizing radia-
tion damage depends on polbeta when the proliferative fraction is low. This indicates that replica-
tion associated repair is independent of polbeta and probably involves replication associated DNA
polymerases. In addition, the data confirm the proposed role, derived from in vitro studies, of pol-
beta in BER and SSBR of oxidative damage in cells deprived of replication associated repair. A
secondary MX sensitive process also appears to be responsible for survival of polbeta deficient
log phase cells, suggesting the involvement of a second short patch polymerase in addition to pol-
beta in repair after ionizing radiation. 
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ABSTRACT
Purpose: The purpose of the present study was to determine the role of DNA polymerase beta in
repair and response after ionizing radiation in different phases of the cell cycle. 
Materials and Methods: Synchronized cells deficient and proficient in DNA polymerase beta were
irradiated in different phases of the cell cycle as determined by BrdU/flow cytometry. Cell kill and
DNA repair were assessed by colony formation and alkaline comet assays respectively.
Results: We first demonstrated delayed repair of ionizing radiation induced DNA damage in con-
fluent polymerase beta deficient cells. Cell synchronization experiments revealed a cell cycle
phase dependence by demonstrating radiation hypersensitivity of polymerase beta-deficient cells
in G1, but not in the S-phase. Complementing polymerase beta-deficient cells with polymerase
beta reverted the hypersensitivity in G1. Ionizing radiation damage repair was found to be delayed
in beta-deficient cells when irradiated in G1, but not in S.
Conclusions: The data show a differential role of DNA polymerase beta driven base excision and
single strand break repair throughout the cell cycle after ionizing radiation damage. 
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INTRODUCTION
Radiotherapy is an effective therapy for cancer, either alone or in combination with chemotherapy
and surgery, although failures still occur. Human tumor cells show a wide range of radiosensitivi-
ty and the survival of normal and tumor cells is mainly determined by their repair capacity.
Understanding the mechanism of radiation damage repair will bring us a step forward in improving
radiotherapy.
Ionizing radiation induces a diverse spectrum of DNA lesions, including DNA double- and single
strand breaks, oxidized base damages and DNA and protein crosslinks. There are two pathways
for double strand break repair in mammalian cells, non-homologous end joining and homologous
recombination. A cell cycle phase specific role in determining ionizing radiation sensitivity has
been described for both pathways [13]. While homologous recombination seems to be mainly
involved in repair of DNA damage in the S- and the G2-phase, non-homologous end joining repairs
through the whole cell cycle but is suggested to be most important in the G1-phase. Base dam-
ages are removed primarily by base excision repair, which is initiated by the excision of the dam-
age base by lesion specific DNA glycosylases. Subsequently, the resulting abasic site is recog-
nized by AP endonuclease, which incises the damaged strand, leaving a nick in the DNA. Once a
single gap is processed to a substrate for a DNA polymerase, it is filled by DNA polymerase beta
(polbeta) or replicative polymerases delta and epsilon, and subsequently sealed by a ligase. DNA
glycosylases acting on oxidized base damages, as induced by ionizing radiation, are bi-function-
al, displaying glycosylase and AP lyase activity. The resulting nick further processed by AP
endonuclease or DNA polbeta will allow synthesis and ligation [3,5].
Single strand breaks produced by ionizing radiation have been shown to be repaired by a process
similar to base excision repair, involving polbeta and XRCC1 [1]. In addition, however, polynu-
cleotide kinases are first thought to trim the ends of the single strand nick to render it a suitable
substrate for polymerase. Previous data showed a cell cycle specific requirement for the XRCC1
BRCT II domain during mammalian DNA strand break repair following treatment with methyl
methanesulfonate [14]. Moore and colleagues [7] showed that this XRCC1-dependent strand
break repair in the G1-phase of the cell cycle is abolished by mutations within the XRCC1 BRCT
domain. In contrast, strand break repair in S is largely unaffected by these mutations. In addition,
they showed disrupted alkylating damage DNA strand break repair in non-cycling cells. Data from
our own group showed a growth state dependent role of DNA polbeta, also crucial in single strand
break repair. Hypersensitivity to ionizing radiation of DNA polbeta-deficient cells, when confluent,
demonstrated a critical role of DNA polbeta for radiosensitivity [17]. We hypothesize that confluent
cultures, presenting a low fraction of S-phase cells, expose their dependence on polbeta whereas
cycling cells have beta-independent backup repair pathways. In the present study, we have exam-
ined the role of polbeta throughout the cell cycle in repair and survival after ionizing radiation.
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MATERIALS AND METHODS
Cell lines
Wild-type mouse embryonic fibroblast cell line Mß16tsA (WT-MEF) and the matched littermate pol-
beta-deficient cell line Mß19tsA (polbetaKO-MEF) were kindly provided by S. H. Wilson (NIH). The
polbeta complemented Mß19tsA cell line (polbetaKO-betacompl MEF) was obtained after trans-
duction of the polbetaKO-MEF with a full-length mouse cDNA construct in LZRS-EGFP, as
described previously [17]. A control cell line carrying empty vector constructs (polbetaKO-vec) was
obtained separately after transduction of polbetaKO-MEFs. Full-length polbeta expression was
confirmed by Western blot analysis [17]. Cells were routinely grown at 37°C in a 5% CO2 incuba-
tor in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100U/ml peni-
cillin and 100μg/ml streptomycin.
Culture and cell cycle synchronization 
Cells in exponential growth state were irradiated 2 days after plating, when in mid log phase.
Reduced proliferation status was obtained by growing cells to confluence (about 5 days), and
maintaining them in this state for 2-3 days before irradiation, as described previously [17]. BrdU-
labeling, as described below, verified cell cycle status. For experiments with synchronized cells,
the mitotic shake-off procedure was used. Cells were plated 3 days before each experiment. Two
hours before collecting the mitotic cells, the medium was replaced with fresh pre-warmed medium.
Mitotic cells were collected by agitation, counted, plated at equal density into 100-mm dishes (500
cells/dish), and treated with ionizing radiation or UV-C at specific times after plating. For experi-
ments with asynchronous cell populations, log phase cells were plated at equal density into 100-
mm dishes (500 cells/dish) and treated 5 hours after plating. Cell cycle progression was estimat-
ed in each experiment by propidium iodide staining from parallel samples, as described below.
Single cell gel electrophoresis 
Strand break repair was assayed by the alkaline comet assay. This assay quantifies DNA single
strand breaks, double strand breaks and alkali labile sites by DNA migration from the cell nucleus
during electrophoresis. Briefly, cells were irradiated on ice (4 or 6Gy) and assayed immediately
after irradiation or returned to the incubator for indicated times to allow repair. Alkaline comet
assays were performed as described previously [2]. Prior to scoring, DNA was stained with
10μg/ml ethidium bromide (Sigma). Slides were examined using a DM RXA Leica microscope
equipped with a Photometrics camera using a HQ-TRITC filter. Of 55 randomly chosen comets per
slide, digitalized images were analyzed. To quantify repair, the tail moments were normalized to
percentages of the tail moment after 4 or 6Gy without repair (initial damage). The results are
expressed as the means of the mean tail moments of one slide per dose of 3 to 4 independent
experiments.
Colony forming survival assay
Colony forming survival assays were performed as described previously [17]. Briefly, cells were
plated in triplicate and, after the indicated time points, irradiated (6Gy) using a 137Cs irradiation
unit at a dose rate of 0.9Gy/min. For experiments with UV-C, cells were irradiated at a dose rate
of 3J/m2/s in a Stratalinker 2400 (Stratagene, CA). After treatment, plates were replaced into the
incubator to allow colony formation. Seven days later, colonies were fixed with 2.5% glutaralde-
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hyde (Merck), stained with crystal violet (Merck) and counted manually under a binocular micro-
scope. Survival was expressed as colonies per plated cells treated/colonies per plated cells
untreated.
Cell cycle analysis
Cells were pulse labeled with 1μM BrdU (Sigma) by incubating for 10min at 37°C. Cells were then
trypsinized, resuspended in 1ml of PBS and fixed by adding the cell suspension to 5ml of ice-cold
70% ethanol, and stored at -20°C. Anti-BrdU staining was performed as described previously [16].
Samples were measured using a FACScan flow cytometer (Becton Dickinson) and the data ana-
lyzed with the FCS express software package (De Novo Software). The analysis of cell cycle
phase distributions and labeling indices (LI) was performed after gating out doublets (area versus
width on the propidium iodide (PI) signal and debris (on the side scatter versus forward scatter
plot). Regions were then placed around each of the populations (G1, S, G2/M) on the 2-parame-
ter histograms (PI versus BrdU) for analysing the percentage of cells in each cycle phase. As a
result of low numbers of cells per sample obtained after cell synchronization (mitotic shake-off),
cell cycle phase distributions were analyzed after PI staining alone, since the BrdU protocol
requires more steps and the risk of losing more cells during these steps. Briefly, cells were
trypsinized, resuspended in 1ml of PBS and fixed by adding 5ml of ice-cold 70% ethanol, and
stored at -20°C. For the analysis, cells were resuspended in PBS with DNase-free RNase
0.2mg/ml (Roche) and propidium iodide 10μg/ml (Sigma) staining was performed. Samples were
measured using a FACScan flow cytometer (Becton Dickinson) and the data analyzed with the
FCS express software package (De Novo Software). Cell cycle phase distribution was analyzed
after gating out doublets (area versus width on the PI signal) and debris. Quantification of the G1-
phase was done on the 1-parameter PI histograms.
Statistical analysis
Significance was calculated using the Student's t test.
RESULTS
Polymerase beta-dependent ionizing radiation damage repair in non-cycling cells
We previously demonstrated polbeta-deficient cells to be sensitive to ionizing radiation in conflu-
ent cultures. This is in contrast to equal radiosensitivities in log phase for wild-type and polbeta-
deficient cells (figure 1A and [17]). We questioned whether the hypersensitivity to radiation in con-
fluent polbeta-deficient cells was caused by a deficiency in repair. We therefore analyzed the
repair kinetics of confluent and log phase wild-type and polbeta-deficient cells after ionizing radi-
ation by the alkaline comet assay, measuring DNA strand breaks and alkali labile sites. BrdU-label-
ing was carried out in order to define the log and confluent status of wild-type and polbeta-defi-
cient cells at the time of irradiation. The average labeling indices were 20.8% ± 2.0 and 58.6% ±
10.4 for wild-type and 19.2% ± 5.8 and 67.2% ± 2.2 for polbeta-deficient cells, when confluent (for
figures 1B) or in log phase (for figure 1C) respectively (mean values ± SD, n = 4 or n = 3). This
represents a reduction of BrdU-positive cells by a factor of around 3. 
Repair kinetics were analyzed by time course experiments after 4Gy, as shown in figure 1B and C.
Polbeta-deficient cells showed a significant delay in repair after 20 min in comparison to wild-type
cells, when confluent (p = 0.02, paired Student's t-test) (figure 1B). 
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The time required to remove 50% of the induced damage (after background subtraction) was
approximately 20 min for polbeta-deficient cells and significantly shorter in wild-type cells.
However, within the sensitivity of the assay, we were not able to detect a significant difference in
residual damage. 
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FIGURE 1. Delayed ionizing radiation damage repair in polymerase beta deficient cells, in confluent cultures, as measured by the
alkaline comet assay. (A) Clonogenic survival after ionizing radiation (4Gy) of wild-type (WT) and polbeta-deficient (polbetaKO) cells, irra-
diated when confluent or in log phase (log). The data is extracted from survival data published before [17]. (B) Repair kinetics analyzed by
time course experiments of confluent wild-type and polbeta-deficient cells exposed to 4Gy, measured by the alkaline comet assay. Tail
moments were normalized to percentages of the tail moment after 4Gy and expressed as relative tail moments. Asterisk marks sample with
significant difference in normalized comet tail moments (p = 0.02, paired Student's t test). (C) Repair kinetics of log phase wild-type and
polbeta-deficient cells exposed to 4Gy. Data is expressed as normalized tail moments, as in figure 1B. Mean of 3-4 independent experi-
ments, error bars are S.D. in (A), (B) and (C). 
At later time points (120 min), the levels of damage (mean tail moments) reached background lev-
els for both wild-type and polbeta-deficient cells. 
In contrast to confluent cells, no difference in repair kinetics was observed for log phase cells (fig-
ure 1C), which is in agreement with previously published data [17]. On average, the time required
to remove 50% of the induced damage was less than 20 min for both cell lines. In conclusion, pol-
beta-deficient cells showed a delay in the repair of ionizing radiation damage in comparison to
wild-type cells only when confluent, indicating that efficient repair of single strand breaks and base
damage depends on polbeta. It is not improbable that this impairment in repair caused the
increased sensitivity in beta-deficient cells. 
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FIGURE 2. Increased ionizing radiation sensitivity of synchronized polymerase beta deficient cells, in G1. Wild-type (WT) and pol-
beta-deficient cells (polbeta KO) cell were prepared by mitotic shake-off and analyzed for cell cycle phase distribution by flow cytometry
after propidium iodide staining, at indicated times. Representative examples of the corresponding DNA histograms are shown in panel A.
Series on the right shows histogram of asynchronous cells (asynch). Time, in hours post-mitotic shake-off, is indicated to the top of each
graph. (B) Quantification of flow cytometry data, of synchronized and asynchronous (asynch) wild-type and polbeta-deficient cells,
expressed as the percentage of G1-phase cells. (C) Clonogenic survival after ionizing radiation (6Gy) of synchronized and asynchronous
(asynch) wild-type and polbeta-deficient cells. Mean of 2-4 independent experiments; error bars are SD or mean and range for data points
from two experiments (time points 7,9 and 11h). 
Polymerase beta-dependent cell cycle phase specific radiation sensitivity
Since these data suggest cell cycle specific use of polbeta and beta-dependent pathways, as also
suggested by previous published data using the inhibitor methoxyamine [17], we looked in more
detail whether hypersensivity to ionizing radiation in polbeta-deficient cells was dependent on pro-
liferation by studying radiation response of cells in different phases of the cell cycle. 
Initially, we attempted to synchronize the cells by using the cell cycle phase inhibitors olomoucin,
roscovitin and aphidicolin. Although good cell cycle phase synchronization was obtained in pilot
experiments using these drugs, we also observed a significant drop in plating efficiency. In addi-
tion, differences in plating efficiency between wild-type and polbeta-deficient cells were observed. 
As an example, the cyclin-dependent kinase inhibitor olomoucin reduced plating efficiencies from
53% to 18% in wild-type cells and from 50% to 10% in beta-deficient cells. As a consequence, radi-
ation response could only be determined on a small fraction of the cells when using these drugs,
thereby not reflecting the response of the whole population. In contrast, the mitotic shake-off pro-
cedure did not significantly alter the plating efficiencies of either wild-type or polbeta-deficient
cells, indicating no loss of cell viability. Furthermore, this procedure avoids the use of toxic drugs,
which could have possible unknown effects on repair or other radiation relevant pathways.
Cell cycle phase distribution of synchronized wild-type and polbeta-deficient cells was determined
by flow cytometric analysis after propidium iodide staining (figure 2A). Quantification of the flow
cytometry data (figure 2B) demonstrates that the percentage of G1 cells was high early after plat-
ing mitotic cells (~80% G1-phase cells after 3 hours) and decreased with time (~20% after 11
hours). In comparison, asynchronous wild-type and polbeta-deficient cells showed approximately
50% were in G1. The percentage of G1 cells was similar for both cell lines, although polbeta-defi-
cient cells tended to progress faster through the cell cycle, as indicated in figures 2A and B.
Polbeta-deficient cells entered early S-phase earlier than wild-type cells, seven hours after plating
mitotic cells. 
Ionizing radiation given at various times after shake-off showed differences in survival throughout
the cell cycle (figure 2C). Polbeta-deficient cells were significantly more sensitive than wild-type
cells when irradiated in the G1-phase. Maximum sensitivity of polbeta-deficient cells occurred five
hours after plating of mitotic cells, when cells were in G1/early S. In contrast, wild-type cells were
more resistant in G1, in comparison to asynchronous cells. No difference in radiosensitivity was
observed between wild-type and polbeta-deficient cells when irradiated in the S- and G2-phases.
Treatment of asynchronous cells with 6Gy resulted in levels of survival similar for wild-type and
polbeta-deficient cells  figure 2C, asynch), a result also found previously [17]. In addition, in inde-
pendent experiments, we determined cell survival of synchronized complemented polbeta-defi-
cient cells after ionizing radiation. Similar cell cycle phase distribution was observed for polbeta-
deficient cells (here being empty vector transduced) and complemented polbeta-deficient cells, as
determined by flow cytometric analysis of DNA content after propidium iodide staining. The per-
centage of the G1-phase cells at indicated times after plating mitotic cells are shown in figure 3A,
which was largely similar for both cell lines. Cell survival after ionizing radiation showed an
increased resistance of complemented polbeta-deficient cells when irradiated in the G1-phase, in
comparison to polbeta-deficient cells (figure 3B), thereby confirming the previous data (figure 2C). 
55
CELL CYCLE PHASE DEPENDENT ROLE OF DNA POLYMERASE BETA
In order to assess ionizing radiation specificity, cell survival of synchronized wild-type and polbe-
ta-deficient cells after UV-C was determined. This form of UV radiation produces DNA lesions not
repaired by base excision repair or other pathways known to be important for ionizing radiation
sensitivity. Equal fractions of the G1-phase cells were found at indicated times after plating mitot-
ic cells (figure 4A). In contrast to ionizing radiation, no difference in UV-C sensitivity between wild-
type and polbeta-deficient cells was observed in the G1-phase of the cell cycle (figure 4B), con-
sistent with the ionizing radiation specific sensitization of polbeta-deficient cells in G1. 
In conclusion, polbeta-deficient cells showed an increased sensitivity to ionizing radiation in com-
parison to wild-type cells and complemented polbeta-deficient cells, when irradiated in G1, con-
firming a cell cycle phase dependent role of polbeta. 
Cell cycle specific polymerase beta-dependent repair of ionizing radiation damage
Finally, we tested whether hypersensitivity to radiation in synchronized G1-phase polbeta-deficient
cells was associated with a delay in repair kinetics, as shown above for confluent cells (figure 1).
We therefore analyzed the repair kinetics after ionizing radiation of synchronized wild-type and
polbeta-deficient cells by the alkaline comet assay. Synchronized cells were irradiated 2.5 hours
after plating mitotic cells, when most of the cells were in G1. The percentage of G1-phase cells
was similar for both cell lines, namely 90% and 89% for wild-type and polbeta-deficient cells,
respectively. Polbeta-deficient cells showed a significant difference in repair 5 min after ionizing
radiation (p = 0.05) and 10 min after ionizing radiation (p = 0.01) in comparison to wild-type cells
(paired Student's t test; figure 5). However, residual average tail moments were not significantly
different. Values reached background levels at 120 min in both cell lines. 
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FIGURE 3. Expression of full-length polymerase beta in beta-deficient cells partially reverts hypersensitivity in synchronized G1-
phase cells. (A) Quantification of cell cycle phase distribution analyzed by flow cytometry after propidium iodide staining, of synchronized
and asynchronous (asynch) polbeta-deficient cells expressing the empty vector (polbeta KO-vec) and complemented polbeta-deficient cells
expressing full length polbeta (polbeta KO-beta compl), expressed as the percentage of G1-phase cells. (B) Ionizing radiation sensitivity of
synchronized and asynchronous (asynch) polbeta-deficient (polbeta KO-vec) and complemented polbeta-deficient (polbeta KO-beta compl)
cells, as determined by clonogenic survival. Mean of 2-4 independent experiments; error bars are SD or mean and range for data points
from two experiments (polbeta KO-beta compl).
We next analyzed repair kinetics when irradiated in S: synchronized cells were irradiated 9 and 11
hours after mitotic cell collection from polbeta-deficient and wild-type cell cultures respectively. In
these experiments, cells were in late S-phase at the time point of irradiation, as determined by PI
analysis. As shown in figure 5B no significant differences were observed in repair between these
cells as analyzed by alkaline comet assays. Similar to the repair delay observed in confluent cells,
these data demonstrate compromised repair of ionizing radiation damage in polbeta-deficient cells
when irradiated in G1 and not in S and are consistent with the survival differences shown above.
DISCUSSION
We have previously shown a role for DNA polbeta in ionizing radiation response in confluent cells
[17]. These data suggested a growth state dependent role of polbeta in repair of ionizing radiation
damage. It was not clear, however, if this was a result of lack of proliferation and, in particular,
repair backups associated with proliferation, a consequence of the metabolic state of the cells or
a reflection of an altered radiation induced damage profile. The synchronization experiments pre-
sented here defined a cell cycle phase specific role of polbeta in determining cell survival after ion-
izing radiation. The results indicated strong DNA polbeta-independent repair mechanisms in repli-
cating cells. In this study we show a cell cycle phase dependent involvement of polbeta driven
base excision repair/single strand break repair in repair and survival after ionizing radiation. 
Confluent cultures are characterized by low proliferation indices. However, concomitant changes
in metabolism also occur. These changes could result in an altered DNA damage spectrum and/or
changes in the cellular responses to these damages. Here we questioned if the previously
observed survival differences in polbeta-deficient cells, when confluent, resulted from repair defi-
ciencies. Indeed, we found a delay in repair of single strand breaks and alkali labile sites, as meas-
ured by the alkaline comet assay. A similar delay of 5 to 15 min was also observed in XRCC1-defi-
cient cells in the repair of ionizing radiation induced damage, as shown by van Ankeren [15]. 
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FIGURE 4. No difference in UV-C sensitivity between synchronized wild-type and polymerase beta deficient cells. (A) Quantification
of cell cycle phase distribution analyzed by flow cytometry after propidium iodide staining, of synchronized and asynchronous (asynch) wild-
type and polbeta-deficient cells, expressed as the percentage of G1-phase cells. (B) Clonogenic survival after UV-C (3J/m2) for synchro-
nized and asynchronous wild-type and polbeta-deficient cells. Mean of 3 independent experiments; error bars are SD. 
They found that an increase in residual damage could only be detected at considerably higher
doses (up to 100Gy). Differences in residual tail moments in the polbeta-deficient cells are there-
fore unlikely to have been detected in our experiments. One possible interpretation of the survival
and repair experiments in growth-arrested cells is a cell cycle dependence, which we further eval-
uated by cell synchronization experiments. This interpretation was supported by the finding of an
increased sensitivity during the G1-phase and early S in polbeta-deficient cells, with no difference
in radiosensitivity between wild-type and polbeta-deficient cells in S- and G2. Re-expressing pol-
beta in beta-deficient cells reverted the hypersensitivity to ionizing radiation in G1. Data derived
from the polbeta-deficient cells with empty vector (figure 3B) were similar to the previous experi-
ments with the parental polbeta-deficient cell lines (figure 2C). Nevertheless, survival values of the
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FIGURE 5. Delayed ionizing radiation damage repair in polymerase beta deficient cells, in G1, as measured by the alkaline comet
assay. (A) Wild-type (WT) and polbeta-deficient cells (polbeta KO) cell were prepared by mitotic shake-off and irradiated 2.5 hours after
plating mitotic cells. Repair kinetics were analyzed by time course experiments of wild-type and polbeta-deficient cells, exposed to 6Gy, as
measured by the alkaline comet assay. Tail moments were normalized to percentages of the tail moment after 6Gy and expressed as rel-
ative tail moments. Asterisk marks sample with significant difference in normalized comet tail moments (* p = 0.05 and ** p = 0.01, paired
Student's t test). Mean of 4 independent experiments, error bars are S.D. (B) Repair kinetics of wild-type and polbeta-deficient cells, irra-
diated 9 or 11 hours after plating mitotic cells, for polbeta-deficient and wild-type cells respectively. Data is expressed as normalized tail
moments, as in figure 5A. Mean and range for data points from two independent experiments.
deficient cells complemented with the expression of a full length polbeta construct did not reach
identical values observed in the wild-type. This is unlikely to be caused by insufficient expression
as judged from western analysis (figure 2C in [17]). However, due to it's constitutive expression by
the vectors promoter, polbeta expression in the complemented cells might lack crucial regulatory
elements that could ease responses to IR. Alternatively, partial complementation could indicate the
lack of additional factors that are present in the (clonally different) wild-type cells. Of particular
interest in this context is the observation that these cells carry the spontaneous nonsense muta-
tion in the polymerase iota gene typical to the 129 inbreed strain of mice [11]. 
Un-repaired single strand breaks or base excision repair intermediates induced by ionizing radia-
tion, will present obstacles during replication thereby giving rise to collapsed replication forks, and
could subsequently form double strand breaks. Sobol et al [10] showed base excision repair inter-
mediates induced by alkylating agents, translated into the cytotoxic lesions and triggered a rapid
block in DNA synthesis. These methyl methanesulfonate induced intermediates, representing
nicks and gaps, were resolved by homologous recombination, as demonstrated by an increase in
sister chromatid exchanges (SCEs). Consistent with this mode of cytotoxicity, Pascucci et al. [9]
showed double strand break formation in S-phase cells activating the homologous recombination
pathway, as indicated by an increase of Rad51 foci. Similar to Pascucci et al. [9] after methyl
methanesulfonate, we showed a repair deficiency in G1 after ionizing radiation, again indicating a
role for homologous recombination in the S-phase. However, we did not observe major changes in
SCEs [17], consistent with the known inefficient induction of SCEs by ionizing radiation. In addi-
tion, the lack of increased radioresistance in S observed here in wild-type cells suggests that they
are less prone to repair of ionizing radiation damage by homologous recombination in S [13]. In
contrast to Sobol's hypothesis, suggesting conversion from intermediates into cytotoxic lesions
during replication, we show here an increased kill in the G0 and G1 phase of the cell cycle.
Ionizing radiation differs from alkylating agents in that it induces base damages and nicks in close
proximity, referred to as clustered damage, that if un-repaired or inefficiently repaired can lead to
the formation of secondary double strand breaks. Despite differences observed in the alkaline
comet assays, we can not exclude a possible involvement of polbeta in repair of primary DSBs and
this to cause the observed kill in G1. In addition to a possible distinct role of DNA polbeta in radi-
ation-induced lesions, our data indicate the existence of strong redundant backup repair pathways
in S, other than homologous recombination, which are active after ionizing radiation. Since homol-
ogous recombination events did not increase, we speculate that other polymerases such as
replicative polymerase   or other replication-associated polymerases allow repair and cellular sur-
vival, when deficient in polbeta [8]. Data from figure 5b indicate this to be the case, showing sim-
ilar repair kinetics in the polbeta-deficient and wild-type cells when irradiated in S. DNA polbeta-
independent pathways may be the predominant mode during replication, rather than simply as
backup pathways. Differential use of polymerases could be dictated by their presence at certain
cell cycle phases or by their ability to bind to other cell cycle phase regulated components of the
base excision repair machinery, such as XRCC1 [7,14] and/or glycosylases [4]. With respect to
expression, polbeta was shown to increase slightly in G1, but remain constant throughout the rest
of the cell cycle [18]. In addition, we did not observe significant changes between log and conflu-
ent cells (data not shown). 
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In conclusion, we have shown that radiation sensitivity and DNA damage repair of polbeta-defi-
cient cells depends on cell cycle phase. In particular, there is a strong dependence on DNA pol-
beta after ionizing radiation when cells are not replicating. This observation is important in under-
standing the mechanism of radiation damage repair and potentially to determine new targets to
improve radiotherapy. This is of particular current interest, since a considerable number of tumors
have been shown to express aberrant DNA polbeta [12]. In addition, inhibitors to DNA polbeta have
been proposed for use in combination with anti cancer drugs [6].
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ABSTRACT
Transcriptional responses to DNA damage induced by ionizing radiation were analyzed in mouse
embryonic fibroblasts proficient and deficient in the base excision repair gene DNA polymerase
beta. Three lines were studied, namely wild-type, polbeta-/-, and polbeta-/- cells complemented
with polbeta wild-type cDNA. Irradiation to 4Gy in log phase cultures reduced colony formation by
about 60% in all three cell lines, indicating equal radiosensitivity. However, when cells were irra-
diated in a resting state (confluent), the polbeta-/- line was significantly more radiosensitive than
the two polbeta proficient lines. The question addressed here was whether gene expression
changes could be found, resulting from polbeta-deficiency and growth state changes, which could
explain the observed radiosensitivity differences. In addition to genes on the base excision repair
(BER) pathway, we were also interested in changes in other pathways known to be associated with
radiosensitivity.
Unsupervised cluster analysis separated the samples as a function of growth state (log versus
confluent), and secondly as a function of genotype (polbeta status). SAM analyses (Significance
Analysis of Microarrays) identified no significant genes when comparing polbeta-/- and polbeta-
complemented cells. In contrast, many significantly differentially expressed genes were found
when comparing wild-type with polbeta-/- cells. In addition, many differences were found between
wild-type and polbeta-complemented cells, both having wild-type polbeta, indicating the existence
of polbeta-irrelevant changes. We therefore focused on the deficient and complemented lines.
Gene expression changes 1 and 6h after irradiation were then compared in these two lines in the
two different growth states. Several pathways were found repeatedly as being different in the two
lines and which correlated with the radiosensitivity changes. These included genes in the NFkB,
AKT and MAPK pathways, and in glutathione metabolism, all of which have been reported to affect
radiosensitivity. Finally, analysis of specific DNA repair pathways showed that expression of
BER/SSBR genes was reduced after irradiation in confluent polbeta-/- cells, a situation where
increased radiosensitivity was observed, coupled with an increase in non-homologous endjoining
genes expression.
In summary, our results show that knocking out polbeta affects the transcriptional response to DNA
damage induced by ionizing radiation of many genes and pathways, including some not directly
related to BER but which are known to affect radiosensitivity. Our results indicate the complexity
of the transcriptional response to ionizing radiation, and may indicate new targets to modulate
radiosensitivity.
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INTRODUCTION
Exposure to ionizing radiation (IR) produces several forms of cellular DNA damage, including for-
mation of base damage, apurinic/apyrimidinic sites, 8-oxoguanine, single strand breaks and dou-
ble strand breaks. Cellular responses to IR-induced DNA damage employ a complex network of
gene products that cooperate to delay progression through the cell cycle and enhance DNA repair.
When the DNA damage is irreparable, the cells will die by permanent cell cycle arrest, mitotic
catastrophe or apoptosis [1-4]. 
One of the repair pathways shown to be implicated in the cellular repair response related to sen-
sitivity to IR is the base excision repair (BER) pathway. DNA polymerase beta (polbeta), the major
polymerase involved in BER, is known to be involved in repair of IR-induced DNA damage [5-7].
Data from our own group showed a growth state dependent role of DNA polbeta, such that hyper-
sensitivity to ionizing radiation of DNA polbeta-deficient cells was observed in confluent cultures
but not in log phase cultures [8]. This hypersensitive phenotype could be reversed by expressing
polbeta in the polbeta-deficient cells. In addition, we showed delayed repair of ionizing radiation
induced DNA damage in confluent polbeta-deficient cells, as assessed by the alkaline comet assay
[9]. These studies indicate the existence of polbeta -independent backup pathways. Possibilities
include beta-independent long patch repair, short patch repair carried out by other polymerases
than polbeta (e.g. translesion synthesis polymerases, see chapters 5 and 6), or double strand
break repair after conversion of SSB to DSB. For all these possibilities, the primary effect of knock-
ing out polbeta is a deficiency in BER/SSBR.
Several studies have shown that gene expression patterns, including some DNA repair genes, are
markedly affected by IR and might predict the tumor response [10]. For example, changes in gene
expression are known to play a role in the initiation of cell cycle arrest and apoptosis [11-13].
However, the relationship between radiation response and transcriptional regulation of gene
expression has not been studied with respect to polbeta status. Such a study could provide useful
insights into the role of this repair gene. Microarray analysis offers the opportunity to analyze
genome-wide expression of genes in a single experiment. In the present study, we therefore used
microarrays to study changes in gene expression that occurred in mouse embryonic fibroblasts
(MEFs) with different polbeta genotypes, both before irradiation and in response to irradiation.
In addition to wild-type and polbeta knockout lines, we also studied knockout cells complemented
with polbeta cDNA. Furthermore, since differences in radiosensitivity were dependent on growth
state, we studied these three lines under both log and confluent conditions. The goal of these stud-
ies was to gain further insight into the mechanisms underlying the observed growth state depend-
ence and polbeta dependence of radiosensitivity. Our and other studies to date indicate that pol-
beta's effect on BER/SSBR will be central to these radiosensitivity changes, but it is possible that
the BER/SSBR deficiency affects, or leads to compensatory changes, in other pathways which
could indirectly affect radiosensitivity. This study was therefore carried out to elucidate any such
changes, and shed light on the consequences of BER/SSBR deficiencies.
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MATERIAL AND METHODS
Cell lines and culture
Wild-type mouse embryonic fibroblast cell line Mß16tsA (wild-type MEF) and the matched litter-
mate polbeta-deficient cell line Mß19tsA (polbeta-/- MEF) were kindly provided by S. H. Wilson
(NIH). The polbeta complemented Mß19tsA cell line (COMP) was obtained after transduction of the
polbeta-/- MEF with a full-length mouse cDNA construct in LZRS-EGFP, as described previously
[8]. Control cell lines carrying empty vector constructs, WT-vec (WT) and polbeta-/--vec (KO), were
obtained separately after transduction of wild-type MEFs and polbeta-/- MEFs. Full-length polbeta
expression was confirmed by Western blot analysis. Cells were routinely grown at 37°C in a 5%
CO2 incubator in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum,
100U/ml penicillin and 100μg/ml streptomycin. Cells in exponential growth state were irradiated 2
days after plating, when in mid log phase. Reduced proliferation status was obtained by growing
cells to confluence (about 5 days), and maintaining them in this state for 2-3 days before irradia-
tion, as described previously. BrdU-labeling, as described below, verified cell cycle status. 
Colony forming survival assay
Colony forming survival assays were performed as described previously [8]. Briefly, cells were
plated in triplicate and, after the indicated time points, irradiated (4Gy) using a 137Cs irradiation
unit at a dose rate of 0.9Gy/min. After treatment, plates were replaced into the incubator to allow
colony formation. Eight days later, colonies were fixed with 2.5% glutaraldehyde (Merck), stained
with crystal violet (Merck) and counted manually under a binocular microscope. Survival was
expressed as colonies per plated cells treated/colonies per plated cells untreated.
Cell cycle analysis
To determine cell cycle phase distribution, cells were incubated with 1μM 5-bromodeoxyuridine
(BrdU) (Sigma) for 10 min at 37°C and subsequently fixed in ice-cold 70% ethanol. Cells were
stained with mouse anti-BrdU as described previously. Samples were measured using a FACScan
flow cytometer (Becton Dickinson). Cell cycle phase distribution was analyzed using the FCS
express software package (De Novo Software), after gating out doublets (area versus width on the
propidium iodide (PI) signal and debris (on the side scatter versus forward scatter plot). Regions
were then placed around each of the populations (G1, S, G2/M) on the 2-parameter histograms (PI
versus BrdU) for analysing the percentage of cells in each cycle phase. BrdU labeling index (LI) is
BrdU positive cells/(BrdU negative cells + BrdU positive cells).
RNA isolation and microarray expression profiling
For microarray expression profiling, cells were harvested in RNAzol B (Campro Scientific) and
RNA was isolated, following the manufacturers protocol (Qiagen). Total RNA quality was assessed
by an Agilent Bioanalyzer 2100 (Agilent Technologies). Microarray expression profiling protocols
can be found online on microarray.nki.nl. Briefly, total RNA samples were DNAse-treated (Qiagen)
followed by a reverse transcriptase reaction (Superscript II, Invitrogen) in the presence of an oligo-
T7 primer. Double stranded cDNA was generated in a second strand reaction, which was used for
RNA synthesis (T7 Megascript, Ambion) for hybridization. RNA was labeled by binding the N7 posi-
tion of guanine using Universal Linkage System (ULS, Kreatech Biotechnology) to Cy 5 or Cy 3
dyes (Amersham). Reference amplified RNA was a pool of all samples and was processed the
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same as described above. The resulting probe was hybridized to 32K NKI mouse oligonucleotide
microarrays according to the Netherlands Cancer Institute - Central Microarray Facility standard
procedures. Arrays were scanned (Agilent Sciences) and analyzed using Imagene software
(Biodiscovery). Normalization and dye swap comparisons were performed using the Central
Microarray Facility Database software. Expression values were exported to Microsoft Excel and
either clustered using BRB-tool or analyzed using Microsoft Excel. Gene lists were uploaded to
Ingenuity (www.ingenuity.com).
Data processing and statistical analysis
SAM
Genes with statistically significant changes in expression were identified using the paired data
option in SAM (Significance Analysis of Microarrays). SAM identifies genes with statistically sig-
nificant changes in expression by performing a set of gene-specific t-tests. Each gene is assigned
a score on the basis of its change in gene expression relative to the standard deviation in multiple
samples. SAM also provides an estimate of the false discovery rate (the percentage of genes iden-
tified by change) by analyzing permutations of the measurements. Missing data were imputed
using a k-Nearest neighbour method. 
Spreadsheet analyses
Expression data were also imported into an Excel spreadsheet for further analyses. For genes with
more than one probe on the array, expression values for these multiple probes were averaged.
Data were then sorted according to expression changes after irradiation. We then created lists of
genes which changed by a factor greater than 2 after irradiation at both 1 and 6 hours, either up
or down. Although somewhat arbitrary, the cut-off value of a factor 2 at two time points was cho-
sen in an attempt to minimize the chance of picking up random and irrelevant changes, while giv-
ing a reasonable number of genes for further investigation. We also tried a cut-off of a factor 1.5,
but rejected this since the number of genes was far greater, increasing the chance of non-relevant
changes. The gene lists were then compared between genotypes and growth states, and both
overlapping and non-overlapping gene lists created. For example, radiation-induced changes in
polbeta-/--vec (KO) and polbeta-complemented (COMP) lines could be compared either in log
phase, where no changes in radiosensitivity were observed, or in confluent cells where radiosen-
sitivity changes did occur. In this way, we attempted to distinguish expression changes resulting
from polbeta-deficiency, relevant and irrelevant for radiosensitivity. To elucidate the main pathways
involved, the genes lists were subsequently analyzed by Ingenuity Pathway Analysis (see below).
Pathway analysis
Gene lists arising from comparisons of genotypes, growth stages, or with and without irradiation
were further analyzed by searching for over- or under-represented molecular pathways using
Ingenuity software (Ingenuity Systems, IPA 6.0). Genes were input as HUGO gene names, of
which some represented unknown genes which Ingenuity could not place in pathways. Over 30
analyses carried out, on average 44% of the genes could be mapped and 34% placed in pathways.
We then looked at the top networks, the top cellular and molecular functions and the top canoni-
cal pathways found for each gene list.
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RESULTS
Previously, we showed that treatment with IR reduced colony formation in polbeta-/- MEFs but not
in wild-type MEFs [8]. Furthermore, polbeta-/- cells complemented with polbeta cDNA showed a
reduced radiosensitivity in comparison to polbeta-/- cells in confluent cultures. As the cells became
confluent, we observed a difference in the pH of the medium, being 7.4 and 6.4 for wild-type and
polbeta-/- cells, respectively, implying a change in some metabolic pathways in addition to any
DNA repair changes. However, complementation with polbeta cDNA did not revert the decrease in
pH when confluent, seen in polbeta-/- cells, raising doubts as to the polbeta dependence of the
metabolic changes. 
To gain further insight into the mechanisms of the polbeta-dependent changes, we analyzed
expression profiles as a function of polbeta status before irradiation and in response to irradiation,
using the 32K NKI mouse oligonucleotide microarrays. Expression profiles were determined in log
and confluent mouse fibroblast cell lines, WT-vec MEFs (WT), polbeta-/--vec MEFs (KO) and pol-
beta-complemented polbeta-/- MEFs (COMP). We extracted mRNA from cells before irradiation
and at 13 time points after irradiation between 0.16 and 24 hours. However, for practical reasons,
we decided to concentrate on 3 time points, namely, 1, 6 and 24 hours, covering both initial tran-
scription changes and longer term consequences in the DNA damage response. Controls were
harvested 6 hours after sham treatment. The expression profile of 35,784 genes was determined
by hybridizing a mixture of Cy 5-dye-labeled amplified RNA generated from the different samples
and Cy 3-dye-labeled reference amplified RNA to 32K mouse oligo-microarrays. Lowess normal-
ized, combined dye-swap hybridizations were performed for all time points and showed good cor-
relations (data not shown). The gene list was then reduced to 9167 by filtering according to the cri-
teria that each gene had more than 1.5 fold change across all samples, with a p-value on the log
ratio <0.01, and that there were less than 20% missing values. 
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FIGURE 1. Clonogenic survival after ionizing radiation (4Gy) for log phase and confluent MEFs. KO (polbeta-/-) and COMP (polbe-
ta-complemented) were irradiated and colonies counted after 8 days. Polbeta-/- cells were only more sensitive to irradiation when conflu-
ent, confirming our previous results (Vermeulen et al 2007).
Radiosensitivity and growth stage
In order to verify the quality of the data used for these microarray analyses, we first performed
colony forming survival assays and determined cell cycle phase distributions to confirm the loga-
rithmic and confluent status of the cells. Surviving fractions after 4Gy were very similar to what we
previously found [8], with values around 41% for WT, 42% for KO, and 47% for COMP, for loga-
rithmically growing cells. Furthermore, we observed differences in survival when confluent cultures
were irradiated, with polbeta-/- (KO) cells showing an increased sensitivity and WT cells showing
an increased resistance, again similar to what we have shown before [8]. Complemented polbeta-
/- cells (COMP) showed a reduced radiosensitivity in comparison to polbeta-/- cells in confluent
cultures (figure 1). The cell cycle phase analysis showed a reduction in S-phase cells when cells
are confluent. The labeling index (LI) showed a reduction from around 70% in log phase to around
30% for confluent cultures. Together, these data confirm the usefulness of the model for studying
polbeta-dependent changes. The quality of the microarray data was ensured by verifying the yield
and integrity of the extracted RNA, and by carrying out dye swap experiments to correct for any
dye bias.
Unsupervised clustering
We then performed an unsupervised hierarchical cluster analysis of the gene expression data from
all samples to determine if there was structure evident in the expression information that reflected
radiation exposure, polbeta status or growth state. 
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FIGURE 2. Unsupervised hierarchical cluster analysis using centered correlation and average linkage, including all genes. The
dendogram shows two main clusters separating the log phase samples from the confluent. Within these branches, groups clustered pri-
marily based on their genotype.
The resulting dendrogram is shown in figure 2. Two main clusters were identified that separated
the log phase samples from the confluent samples. Moreover, it was also evident that the clusters
separated the samples as a function of genotype, demonstrating that gene expression was close-
ly correlated with the genotype of the cells, whether or not they were irradiated. Within these clus-
ters, we found in general that the 0 (unirradiated) and 1 hour groups clustered closest to each
other, suggesting the smallest global expression changes at this early time point. 
The clustering decreased with time after irradiation, indicating greater radiation-induced changes
in gene expression at longer times. It has been shown by others that 24 hours after irradiation,
expression profiles are dominated by cell cycle arrest and apoptosis, such that specific polbeta
related profiles will be more difficult to identify. We therefore concentrated primarily on times up to
6 hours after irradiation. 
SAM analysis
Next, we applied SAM (Significance Analysis of Microarrays) an attempt to identify genes related
to radiosensitivity that were significantly differentially expressed between either the different
growth stages within one genotype, or between two different genotypes for log and confluent cul-
tures separately. We performed 12 different SAM analyses, as illustrated in figure 3, using all
genes (unfiltered; n=35784). The number of significant differentially expressed genes for each
group is shown above each comparison. Each of the 12 analyses corresponded to phenotypic dif-
ferences; for example in SAM analysis 7 we identified genes that were differently expressed
between confluent WT and KO cells, a situation in which a difference in survival after IR was
observed. 
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FIGURE 3. The SAM analyses, as illustrated, were performed using all genes. The number of significant differentially expressed genes
for each group is shown above each comparison. W: wild-type, K: polbeta-/-, C: polbeta-complemented, log: log phase, con: confluent.
Interestingly, the SAM analyses found no significant genes when comparing KO and COMP, but
many significant genes when comparing WT and KO. In addition, many significantly different
genes were found between the WT and COMP cell lines, in which both have wild-type polymerase
beta. This suggests that there are lots of irrelevant differences between WT and KO. For the
remaining analyses, we therefore focused solely on the COMP versus KO comparison.
Gene expression in unirradiated cells
The purpose here was to investigate how the polbeta status affected gene expression in unirradi-
ated MEFs. For this we used the unfiltered dataset but only those with a gene annotation and no
missing values, yielding around 24,000 genes. Data sets for the KO and COMP cell lines were
imported into Excel and ranked according to expression changes after irradiation, as described in
Materials and Methods. Gene expression differences between KO and COMP were analyzed for
log and confluent cells separately. Around 2800 genes were differentially expressed between KO
and COMP in log phase cells, while approximately 900 were differentially expressed in confluent
cells (table 1). Slightly more genes were down regulated in KO than upregulated in comparison
with COMP cells. Surprisingly, only 186 genes of the combined up and down regulated genes
appeared in both log and confluent lists, indicating that polbeta status influenced the behavior of
cells during the transition from log to confluent.
Although we found less differentially expressed genes in confluence when comparing KO versus
COMP, those genes could be of particular interest since differences in radiosensitivity were seen
specifically in confluent cells. The gene lists arising from these comparisons were further analyzed
by searching for over- or under-represented molecular pathways using Ingenuity software, sum-
marized in table 2. Differences in gene expression, whether increased or decreased in KO com-
pared with COMP, were pooled to give a global picture of polbeta-dependent changes. For log
phase cells, the main network of genes differentially expressed between KO and COMP cells
involved connective tissue development, and post-translational modification. In this network, a few
genes were noteworthy in relation to the DNA damage response, namely ERBB2 (a growth factor
receptor), BNIP3 (pro-apoptotic) and RFC (stimulates polymerases, affects replication and repair).
However, such expression differences were not accompanied by radiosensitivity changes. In con-
fluent cells, the most significantly represented networks involved cell death, cancer and cell mor-
phology. Interestingly, this network contained AKT/PI3K genes, known to influence radiosensitivi-
ty [14, 15]. The second most significant network also contained NFkB, MAPK and FGF, signaling
pathways that again under some circumstances can influence growth and the response to radia-
tion [14, 16, 17]. These changes, in contrast to those in log phase cells, were accompanied by
radiosensitivity changes, and the genes involved, particularly AKT/PI3K, have shown stronger
associations with radiosensitivity than those in the networks for log phase cells.
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TABLE 1. Genes differentially expressed by a factor >2 in unirradiated cells between polbeta-/- (KO) and polbeta-complemented
KO cells (COMP) cells, in both log phase and confluent cultures.
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TABLE 2. Networks, functions and pathways of genes in unirradiated cells differentially expressed between COMP (with 
polbeta) and KO (without polbeta) cells. Data from Ingenuity Pathway Analysis.
In order to further characterize changes relevant to radiosensitivity, we looked at the overlap in the
gene lists between log and confluent cultures, each list comprising those differentially expressed
between COMP and KO cells (i.e. with and without polbeta). Surprisingly, there were only 186
overlapping genes out of almost 4000. Networks represented in these genes were less significant
than those above (table 2), and no obvious candidate genes affecting the radiation response were
seen. This was not unexpected, since polbeta status affected the radiation response of log and
confluent cells differently, so common genes should not be relevant for radiosensitivity. We there-
fore also looked at differentially expressed genes in confluent cells (associated with a radiosensi-
tivity difference) which did not appear in the list for log phase cells; in other words a non-overlap-
ping list. Networks associated with this list again contained AKT, NFKB, MAPK and also TGFB, all
reported to influence radiosensitivity [14, 15, 17, 18]. 
Radiation response differences in gene expression
We carried out similar spreadsheet followed by pathway analyses to look at the response to irra-
diation. We could not carry out SAM analysis here, since SAM requires multiple measurements for
each group being compared. The SAM analyses described above therefore necessitated pooling
unirradiated and irradiated groups (4 in total) for each comparison. These analyses therefore yield-
ed global changes related to growth state and genotype, but no details of the response to irradia-
tion for each genotype/growth state. To compare individual groups, each data set was imported
into Excel as described above, and ranked according to expression changes after irradiation.
Again, to restrict the analyses to manageable numbers of genes, and to maximize the chance that
the changes studied were real, we only analyzed genes changing by at least 2-fold at both 1 and
6h after irradiation, either up or down with respect to unirradiated controls.
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FIGURE 4. Summary radiation induced changes in gene expression for KO and COMP cells. The upper table shows the total num-
ber of genes whose expression changed by a factor or at least 2 at both 1h and 6h after irradiation. The lower Venn diagrams show the
overlap between the two genotypes.
We focused only on the COMP versus KO comparison. Genes showing different responses to irra-
diation between these two genotypes were first listed. Such differences included up or down in KO
while unchanged in COMP, and also up or down in COMP while unchanged in KO. A summary of
the changes is shown in figure 4 (upper). For example, for log phase, 46 genes were up-regulat-
ed in KO cells while 198 were up-regulated in COMP cells. Surprisingly, there was no overlap in
these groups of genes (figure 4, upper left Venn diagram). Similarly for the other comparisons
shown in figure 4, there was little overlap between changes in KO and COMP cells. Knocking out
one gene (polbeta) apparently had a marked effect on the transcriptional response to radiation.
All differentially responding genes were collated in one list for log and another list for confluent. In
the confluent list, we then selected genes that did not appear in the log list, since the latter were
not associated with radiosensitivity changes. In this way, by "subtracting out" log phase genes, we
hoped to create a gene list most relevant for radiosensitivity changes resulting from the change in
polbeta status. The non-overlapping genes were then analyzed for over- or under-represented
pathways (Ingenuity). The top network represented in this list was termed "immunological disease,
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FIGURE 5. Example of network generated by Ingenuity. This represents genes whose radiation-induced expression changes differed
between COMP and KO in confluent cells. Genes differing in log phase cells were subtracted from this list, since no polbeta-dependent
radiosensitivity changes were seen in log phase. Of interest are the NFKB and TGFB hubs, known to affect radiosensitivity.
cellular growth and proliferation, cell to cell signaling and interaction". Of interest in this pathway
were the NFkB and TGFb genes (figure 5). The second highest scoring network was "cancer, cell
cycle, hematological disease" which included the radiosensitivity relevant genes AKT, MAPK and
CDKN1B (p27 Kip). The top, and only significant, canonical pathway represented by these genes
was glutathione metabolism, a protective pathway against DNA damaging radicals of the type pro-
duced by ionizing radiation [19, 20]. 
We also reasoned that the expression differences between KO and COMP in log phase could indi-
cate the compensation or backup pathways which must occur in log cells, since no radiosensitivi-
ty changes were seen here, in contrast to confluent cells. We therefore carried out a pathway
analysis on the 119 genes (46 up and 73 down; see figure 4 Venn diagrams, top row) that were
changed in KO but not in COMP cells. Only 39 of these had known annotations or functions. The
main gene dominating the resulting networks was BRCA1, which was down-regulated in KO cells.
However, all networks and pathways were of borderline significance, so no firm conclusions can
be drawn.
Analysis of known genes/gene signatures
To further elucidate possible causes of the different response to irradiation of KO and COMP
MEFs, the response of genes in selected pathways were studied. We were particularly interested
in different DNA repair pathways, to see whether knocking out polbeta affected only the BER and
SSBR pathways or whether other DNA repair pathways were also implicated. 
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FIGURE 6. Expression changes after irradiation for genes in known DNA repair pathways. The genes included for each pathway are
shown in table 3. Average expression of all genes in the pathway are shown at each time point. BER/SSBR: base excision repair/single
strand break repair; NHEJ: non-homologous endjoining, HR : homologous recombination. 
We therefore looked at genes involved in BER and SSBR, the DSB repair pathways of homologous
recombination and non-homologous endjoining, DNA break sensors, and genes involved in cell
cycle checkpoints (table 3). The average expression of genes on each pathway was calculated
both before and at different times after irradiation (figure 6). For most pathways, there were not
large differences either between genotypes or between growth states. However, the two excep-
tions were the decrease in expression of BER/SSBR genes after irradiation in KO confluent cells
(panel A) and an increase in expression of NHEJ genes in KO confluent cells (panel C). It is note-
worthy increased radiosensitivity was only seen in these cells (KO confluent).
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TABLE 3. Gene signatures tested for changes in response to irradiation in KO and COMP cells in log and confluent cultures.
DISCUSSION
The analysis of gene expression was carried out to shed more light on the cause of the observed
radiosensitivity changes when DNA polymerase beta was knocked out. The main such change was
an increase in radiosensitivity in KO cells compared with COMP cells (polbeta-/- complemented)
in confluent cultures. DNA polymerase beta is the central repair enzyme in the related pathways
of base excision repair and single strand break repair, and radiosensitivity changes are likely to be
due to a reduced capacity of these pathways [5-7, 9]. The question remains how this is translated
into cell kill, since base damage and SSB are not necessarily lethal. One scenario, supported by
other data from our group, is that the extra SSBs are converted into DSB (by one of several mech-
anisms) which are then subject to repair by homologous recombination in S-phase. This would
occur in log phase cells but not (less) in confluent cells, as we have observed. This therefore
remains the most likely scenario. However, increased DNA damage resulting from knocking out
polbeta could also activate other stress pathways, such as NFkB, MAPK or PI3K/AKT. These in
turn could influence survival, through affects on apoptosis, checkpoints or DNA repair. Expression
analysis could indicate how much of a role this played.
We originally started with WT and KO cells, but added a third cell line, in which KO cells were com-
plemented by wild-type polbeta cDNA, in order to confirm that effects were due to polbeta
changes. Two preliminary findings of interest were, firstly, that WT and KO cells had many expres-
sion changes and that COMP and KO cells had relatively few. Furthermore, WT and COMP cells,
both containing wild-type polbeta, also showed a large number of gene expression differences. We
therefore concluded that many of the differences between WT and KO were not relevant to polbe-
ta status, and that the best comparison was COMP versus KO. Secondly, even in this pair, the dif-
ference of this one gene caused marked changes in expression of many genes. The question
therefore remained as to whether some of these many changes affected other unsuspected path-
ways that could have influenced radiosensitivity.
In this study, a few genes appeared repeatedly in pathway analyses of genes showing differential
expression between KO and COMP cells. These included the NFkB pathway, the AKT/PI3K path-
way, the MAPK pathway, and glutathione metabolism. These appeared in lists for unirradiated as
well as irradiated cells for confluent cells, the situation where changes in radiosensitivity occurred.
The fact that these pathway differences between KO and COMP were also found in unirradiated
cells could result from oxidative stress. In KO cells, one of the main pathways for coping with
oxidative stress, namely BER/SSBR, is compromised. This can lead to greater or more persistent
damage and therefore a greater stress response. Oxidative damage in unirradiated cells can
therefore be regarded as a radiation mimetic. 
All these pathways described above have been associated with radiosensitivity [14-17]. Exposure
of cells to ionizing radiation and a variety of other toxic stresses is known to induce activation of
multiple MAPK pathways. These signals have been shown to play critical roles in controlling cell
survival and repopulation following irradiation in a cell-type-dependent manner [14, 17]. It has also
been shown that AKT phosphorylation is associated with the response and sensitivity to radiation,
as reviewed by McKenna et al. and more recently by Dent et al. [15, 21]. Indeed, cell culture stud-
ies show that inhibition of the AKT pathway radiosensitizes cancer cell lines. NFkB is a transcrip-
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tion factor activated by stresses including ionizing radiation [16]. Inhibition of this pathway by
expressing mutated IkappaB has been found to sensitize cells to irradiation [22]. The principal
canonical pathway representing genes relevant to radiosensitivity changes (in confluent cells) was
glutathione metabolism. Glutathione is a known radical scavenger, which can act as a radiation
protector. The glutathione (GSH) content of cancer cells is particularly relevant in regulating muta-
genic mechanisms, DNA synthesis, growth, and multidrug and radiation resistance [19]. What is
still unclear is how the signal transduction pathways described above affect radiosensitivity.
Possible mechanisms include effects on DNA repair and apoptosis or other cell death pathways.
This needs further study. For log phase cells, where no radiosensitivity changes were observed,
genes and pathways showing differential expression between KO and COMP were less clearly
related to radiosensitivity. 
The question remains as to whether DNA repair pathways other than BER/SSBR are altered by
knocking out polbeta, and whether these contributed to the radiosensitivity changes. The analysis
of specific DNA repair pathway genes (figure 6) showed that expression of BER/SSBR genes was
reduced after irradiation only in confluent KO cells, those which showed increased radiosensitivi-
ty. Although this appears to be a confirmation that BER/SSBR is involved, as expected, the cause
and consequences of this down-regulation response is not clear. In addition, there appeared to be
induction of NHEJ genes after irradiation in these more radiosensitive cells. This could be a com-
pensatory response to loss of BER/SSBR function, although it was clearly not sufficient to prevent
the increase in radiosensitivity. Involvement of DNA repair pathways cannot be regarded as con-
firmed here, especially as no down-regulation was observed in the radiosensitive cells.
The findings in this study need further validation to confirm or otherwise the genes and pathways
indicated here as being involved in the polbeta-dependent radiosensitivity changes. Such studies
would include manipulating expression of genes on the indicated pathways, such as NFkB, AKT
and MAPK, both by RNA interference and small molecule inhibitors, in both KO and COMP cells.
It would also be informative to study not only irradiation but agents such as MMS in which BER
plays a dominant role, with little influence of DSB repair pathways.
A few aspects of this study should be noted when interpreting the findings. The first is that we have
assumed that the radiosensitivity of KO and COMP cells are identical in log phase, although we
have recently shown that in G1 cells KO and COMP have different radiosensitivities, whereas in
S-phase cells they do not [9]. However, since these log phase cells have a high proportion of S-
phase, asynchronous cells, as studied here for gene expression, show little radiosensitivity differ-
ence. It would be informative in the future to study the genomics of G1 and S-phase cells sepa-
rately. Secondly, less than half of the gene IDs imported into Ingenuity for pathway analysis could
be mapped and/or were eligible for pathway analysis. It is therefore possible that some important
genes were missed. Finally, in any study such as this, the quality of the microarray platform should
be considered. However, we used the validated Illumina platform, and hierarchical clustering clear-
ly showed confluent and log clustering separately, followed by genotype, giving confidence that the
data represent real and consistent expression differences.
In conclusion, the study shows that knocking out a single gene, namely DNA polymerase beta,
affects the expression of many genes and pathways. Several of these are involved in stress
responses, seen after both oxidative stress and ionizing radiation. The increased damage caused
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by knocking out polbeta, thus reducing BER/SSBR, could lead to increased stress responses in
both irradiated and unirradiated cells. In polbeta KO cells, the relative contributions to cell survival
of direct affects on repair and increased stress responses is still unknown. Their relative contribu-
tion needs further evaluation, for example by manipulating expression of specific genes by genet-
ic or chemical methods.
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ABSTRACT
Ionizing radiation induces a diverse spectrum of DNA lesions, including strand breaks and oxidized
bases. In mammalian cells, ionizing radiation induced lesions are targets of non-homologous end
joining, homologous recombination, and base excision repair. In vitro assays show a potential
involvement of DNA polymerase lambda in non-homologous end joining and base excision repair.
In this study, we investigated whether DNA polymerase lambda played a significant role in deter-
mining ionizing radiation sensitivity. Despite increased sensitivity to hydrogen peroxide, lambda
deficient mouse embryonic fibroblasts displayed equal survival after ionizing radiation compared
to their wild-type counterparts. In addition, we show increased sensitivity to the topoisomerase
inhibitors camptothecin and etoposide when lacking polymerase lambda. These results do not
reveal a major role for DNA polymerase lambda in determining radiosensitivity in vivo.
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INTRODUCTION
Strand breaks and oxidized bases induced in the DNA by ionizing radiation are critical lesions
which, if unrepaired, can lead to cell kill and mutation. Two complementary double strand break
(DSB) repair pathways exist in mammalian cells, non-homologous end joining (NHEJ) and homol-
ogous recombination (HR). In addition, ionizing radiation induced lesions are targets of base exci-
sion repair (BER). Deficiencies in all of these pathways lead to increased sensitivity to ionizing
radiation, indicating that all are important for genomic repair. Within these pathways, DNA poly-
merases are thought to play a critical role in repair of radiation-induced damage. At least nineteen
different DNA polymerases are expressed in mammalian cells. These polymerases differ from
each other according to the specialized role they have during replication, DNA repair, bypass of
DNA damage and somatic hypermutation. In vitro studies have indicated a potential role of DNA
polymerase lambda in DSB repair and/or BER, although the in vivo role is unknown.
DNA polymerase lambda is a member of the X family of DNA polymerases, comprising other
enzymes involved in DNA repair processes such as DNA polymerase beta, polymerase mu, and
terminal deoxy-nucleotidyl-transferase (TdT). Due to its bypass polymerase activity on templates
with base lesions such as abasic sites, it has been implicated in translesion synthesis (TLS), a
process allowing lesion bypass during replication. Other data demonstrating repair deficiency
when lacking in a classical in vitro BER assay, suggested a possible contribution in BER, as shown
by Braithwaite et al. (1). However, in earlier studies, DNA polymerase lambda was shown to be
capable of filling gaps and promoting end joining in an in vitro NHEJ assay (2,3). Recent data indi-
cate this involvement to be selective for DNA with complementary overhangs (4,5). The observed
interaction with Ligase IV (LigIV) underlines its proposed role in NHEJ (6). Only few studies have
addressed DNA polymerase lambda's role in vivo or in cellular systems. In vivo, polymerase lamb-
da deficient mice were viable and fertile. These mice showed normal immunoglobulin hypermuta-
tion (7). Furthermore, recent data indicated a participation of polymerase lambda in heavy chain
rearrangement (8). Polymerase lambda deficient embryonic stem cells did not show hypersensi-
tivity to hydrogen peroxide (H2O2) or methyl methane sulfonate (MMS), ultraviolet light (UV), or
ionizing radiation (9). However, lambda deficient mouse embryonic fibroblast cells have been
found to be hypersensitive to oxidative damage produced by H2O2 and 5-hydroxymethyl-2'-
deoxyuridine (HmdUrd), indicating a potential role in response to oxidative damage and BER (10).
Our own studies have shown a significant role of BER in determining radiation response
(11,12,13). We showed that BER deficiency, by DNA polymerase beta deficiency, resulted in sen-
sitization to ionizing radiation. Consistent with lambda's proposed role in NHEJ or BER, Capp et
al. showed increased radiosensitivity in cells expressing a dominant negative to DNA polymerase
lambda (14). On the contrary, primary lambda deficient mouse embryonic fibroblasts were not
found to have increased sensitivity to ionizing radiation or bleomycin in earlier studies (8).
However, strongly reduced proliferation and a concomitantly reduced percentage of cells in S-
phase in these primary lambda deficient cells could have influenced survival after exposure to ion-
izing radiation. This alteration in proliferation has been attributed to oxidative damage response
(8). Since ionizing radiation induces a DNA damage spectrum that partly overlaps with the spec-
trum induced by oxidative damage, we questioned whether the oxidative damage-sensitive popu-
lation might have been under-represented in the radiation response analysis. 
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Using transformed mouse embryonic fibroblasts with equal growth and cell cycle phase distribu-
tion patterns here, we show that, despite exhibiting H2O2 hypersensitivity, lambda deficient cells
were not more sensitive to ionizing radiation. In addition, we show increased sensitivity to other
non-oxidative DSB inducing agents such as etoposide and camptothecin.
MATERIALS AND METHODS
Cell lines
Polymerase lambda deficient mice were generated by Bertocci et al as described previously (7).
RT-PCR analysis confirmed DNA polymerase lambda expression status. Transformed polymerase
lambda deficient (pollambda-/-) mouse embryonic fibroblasts and the isogenic wild-type (pollamb-
da+/+) counterparts were generated by the 3T3 protocol from these mice, as previously described
by Bertocci et al (8). Pollambda+/+ and pollambda-/- cells were grown at 37°C in a 95% air, 5%
CO2 incubator in Dulbecco's modified Eagle's medium containing 10% fetal calf serum. Growth
curves were obtained after seeding 0.5x104 and 104 cells / well in six-well dishes in triplicate and
counting at various time points.
Colony forming survival assay
Colony forming survival assays were performed as described previously (13). Briefly, cells were
seeded and, after 6 hours, irradiated using a 137Cs irradiation unit at a dose rate of 0.9 Gy/min.
For H2O2, camptothecin and etoposide sensitivity, cells were seeded and treated after 6 hours
with H2O2 (Sigma) for 1 hour or with camptothecin or etoposide for 2 hours in medium without fetal
calf serum and antibiotics. Exposure to serum-free medium for 2 hours did not alter S-phase con-
tent or replication as measured by BrdU incorporation determined by flow cytometry (data not
shown). After 1 or 2 hours, fresh medium was added and plates were replaced in the incubator to
allow colony formation. Nine days later, cells were fixed, stained and colonies consisting of >50
cells were counted either manually under a binocular microscope or using an automatic colony
counter (ColCountTH, Oxford Optronix, UK). Survival was expressed as colonies per plated cells
treated/colonies per plated cells untreated. 
In vitro cell growth inhibition assay
Cytotoxicity was determined by growth inhibition assays, as described previously (13). Cells were
seeded in six-well dishes at a density appropriate to maintain exponential growth during the course
of the experiment. The following day, cells were exposed to a range of concentrations of H2O2
(Sigma) for 1 hour, camptothecin (Sigma) or etoposide for 2 hours in growth medium without fetal
calf serum and antibiotics. After the indicated time of drug treatment, fresh medium was added and
dishes were incubated for 4-5 days until untreated control cells were approximately 75% conflu-
ent. Cells (triplicate wells for each drug concentration) were trypsinized and counted using a cell
counter (Casy TT-059, Schärfe System GmbH, Germany). The relative growth inhibition was cal-
culated by normalizing the average cell number in the drug treated wells by the control (percent
control growth). The SF50 (dose needed for reducing the surviving fraction to 0.5), IC50 (concen-
tration that inhibited growth to 50% of control), and IC10 (concentration that inhibited growth to
10% of control) were determined from polynomial or power curve fits.
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Cell cycle phase determination
Cells were pulse labeled with 1 μM BrdU (Sigma) by incubating for 10 min at 37°C. Cells were then
trypsinized, resuspended in 1 ml of PBS and fixed by adding the cell suspension to 5 ml of ice-
cold 70% ethanol. Anti-BrdU staining was performed as described previously (12). Measurement
of the samples and data analysis was performed as described previously (13).
Genomic sequence analysis
Genotyping of pollambda+/+ and pollambda-/- cells was performed by PCR using primers that
amplify the DNA polymerase lambda allele, resulting in a 250-bp fragment in the wild-type and a
500-bp fragment in lambda deficient cells. Primers were as follows: 5'primer GCTCCATATG-
GTTGCTGGGC and 3'primer CAGCTCCCCAGATGTTGGAG.
Statistical analysis
For comparison of differences between the groups, the t test was used with a significance level of
p < 0.05. 
RESULTS
DNA polymerase lambda deficiency did not influence the sensitivity to ionizing radiation but sen-
sitized cells to H2O2
We first characterized the transformed polymerase lambda deficient (pollambda-/-) mouse embry-
onic fibroblasts and the iosogenic wild-type (pollambda+/+) counterparts. A genomic PCR was per-
formed to confirm the genotype of both cell lines. We found the fragment representing the wild-
type allele (250 bp) in the pollambda+/+ cells and the polymerase lambda gene targeted allele
(500 bp) in pollambda-/- cells (Fig. 1a). Changes in growth or cell cycle phase distribution could
indirectly result in survival differences. However, and in contrast to the primary cells, both cells
lines showed similar growth rates with a doubling time of 13.4 ± 3.7 hours for wild-type cells and
14.2 ± 1.3 hours for pollambda-/- cells (mean values ± SD, n=4) (Fig. 1b). Cell cycle phase distri-
bution was determined by BrdU labeling. Data analysis showed a S-phase content of 41.2% ± 1.2
and 53.4% ± 4.1, G1-phase of 32.4% ± 1.4 and 33.7% ± 6.6, and G2-phase of 26.4% ± 0.3 and
12.9% ± 2.5, for wild-type and pollambda-/- cells respectively. Taken together, no differences were
observed in growth rate and only minor differences in cell cycle phase distribution between the cell
lines. We next confirmed sensitivity to H2O2 by determining growth inhibition. We found that pol-
lambda-/- cells were more sensitive to H2O2 than wild-type cells (Fig. 1c) consistent with its pro-
posed role in oxidative damage response. This is in good concordance with previously published
data by Braithwaite et al. (10) from growth inhibition assays. With ionizing radiation producing sim-
ilar oxidative damage, we next determined the cell survival of polymerase lambda deficient cells
and wild-type cells after ionizing radiation in a colony forming survival assay. We found that pol-
lambda-/- cells were not significantly more sensitive to ionizing radiation than the wild-type cells
(Fig. 2a), confirming previously performed growth inhibition analysis (8). In contrast, lambda defi-
cient cells appeared to be more radioresistant. However, this was significant only at 6Gy. We then
questioned if the lack of sensitization was caused by the assay used, with growth assays empha-
sizing growth inhibition rather than killing. We therefore repeated the H2O2 sensitivity study with
a colony-forming survival assay. The data confirmed the previous growth inhibition study, shown in
figure 1b, with DNA polymerase lambda deficient cells being significantly more sensitive to H2O2
in comparison to wild-type cells, with SF50 values of 89.1 μM ± 12.2 and 44.9 μM ± 4.4 (mean val-
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ues ± SD; p = 0.004), for wild-type and pollambda-/- cells respectively, giving a dose ratio of 2.0 ±
0.4 (Fig. 2b). In summary, our data demonstrate no major involvement of DNA polymerase lamb-
da in the response to ionizing radiation.
Sensitivity of pollambda-/- cells to camptothecin and etoposide
Both damaging agents, H2O2 and ionizing radiation, induce similar oxidative lesions.
Nevertheless, lambda deficient cells exhibited hypersensitivity to H2O2, but surprisingly not to ion-
izing radiation. This discrepancy prompted us to analyze two other DNA strand break-inducing
agents without inducing oxidized base damage. For this purpose we incubated polymerase lamb-
da deficient and wild-type cells with topoisomerase inhibitors. Type I topoisomerase inhibitors,
such as camptothecin, bind irreversibly to the DNA-topoisomerase I complex, thereby generating
enzyme-trapped cleaved DNA. Etoposide, a type II topoisomerase inhibitor, enhances double
strand cleavage by complexation with topoisomerase II. We found that pollambda-/- cells showed
an increased sensitivity to camptothecin compared to wild-type cells, as determined by growth
inhibition assays (Fig. 3a). The IC10 values were 1.4 ± 0.4 and 0.5 ± 0.2 μM (mean values ± SD;
p = 0.02), for wild-type and pollambda-/- cells respectively, with a dose ratio of 3.2 ± 0.9.
Furthermore, pollambda-/- cells were significantly more sensitive to etoposide than wild-type cells
(Fig. 3b), with IC50 values of 1.0 ± 0.1 and 0.6 ± 0.1 μM (p = 0.001), for wild-type and pollambda
-/- cells respectively, with a dose ratio of 1.9 ± 0.4. We repeated the growth inhibition data for both
drugs with a colony forming survival assay and again found that DNA polymerase lambda deficient
cells were significantly more sensitive in comparison with wild-type cells (Fig 3c). 
As with the growth assays, surviving fractions of the cell lines diverged at higher kill after etopo-
side treatment. Taken together, these results suggest the involvement of polymerase lambda in the
repair of DNA double strand breaks of non-oxidative origin.
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FIGURE 1. Characterization of pollambda-/- cells. Panel A: Genotype of pollambda-/- (-/-) and wild-type (+/+) cells. Genomic DNA was
isolated from both cell lines and genotyping was performed by PCR with simultaneous amplification of the wild-type allele (250 bp) and the
gene-targeted allele (500 bp). The marker (M) is a 100bp ladder (Invitrogen). Panel B: Growth of pollambda-/- and wild-type cells. Cells
were seeded, cultured and counted at indicated times. A representative growth curve is shown. Panel C: Growth inhibition of pollambda-/-
and wild-type cells after hydrogen peroxide treatment. Cells were seeded into 6-well plates and treated the following day with increasing
concentrations of H2O2 for 1 h. After 5 days, cells were counted and the growth inhibition of H2O2 treated cells was normalized to that of
control cells. Percentage control growth is plotted, with each data point, representing the mean and standard deviation of three independ-
ent experiments with triplicate samples. 
DISCUSSION
In the present study we investigated whether DNA polymerase lambda played a significant role in
determining ionizing radiation sensitivity. Previous studies have shown contradictory results with
lack of sensitization to ionizing radiation in lambda deficient primary cells (8) and hypersensitivity
in polymerase lambda dominant negative expressing cells. However, studies on the deficient pri-
mary cells may have been hampered by the reduced growth rate and considerably increased
senescence, in particular when analyzed by a growth inhibition assay. A potential radiosensitive
phenotype of the DNA polymerase lambda deficient cells, in particular in S-phase, could have
been masked by a reduction in the S-phase cell population in the lambda deficient cells to half of
the control levels, as observed previously in the primary cultures. Transformed cells on the other
hand, probably due to loss of cell cycle checkpoints, showed similar cell cycle phase distribution
and growth rates for wild-type and lambda deficient cells (Fig. 1b). Here we show that these trans-
formed cells did not exhibit differences in radiation sensitivity (Fig. 2a), despite increased hyper-
sensitivity to hydrogen peroxide. This indicates that the cells did not greatly adapt (due to selec-
tion) to oxidative damage during culture thereby altering oxidative damage response and/or repair.
It is worthwhile noting that even though there were differences between the assays used, growth
inhibition assay (Fig. 1c) and the colony-forming survival assay (Fig. 2b), the results were gener-
ally in good concordance with each other. Differences between the two cell lines were similar to
data published by Braithwaite et al (10). We observed a slight increase in radioresistence in DNA
polymerase lambda deficient cells. Although not significant for most doses, this could have result-
ed from the additional 10% in S-phase cells, which are generally more resistant to ionizing radia-
tion. In conclusion, these results suggest that a deficiency in polymerase lambda is associated
with an increased sensitivity to oxidative damage and strand breaks but not when these lesions
are induced by ionizing radiation. 
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FIGURE 2. Sensitivity of pollambda-/- cells to ionizing radiation and H2O2. Panel A: Clonogenic survival of pollambda-/- and wild-type
cells after exposure to ionizing radiation. Panel B: Clonogenic survival of pollambda-/- and wild-type cells after exposure to H2O2 for 1 h.
After irradiation or H2O2 exposure, the cells were returned to 37°C to allow colonies to develop. Data points are the mean and standard
deviation of five or three independent experiments with triplicate samples, for panel A and B respectively.
Two other DNA break inducing agents, camptothecin and etoposide, both produced more killing in
lambda deficient cells (Fig. 3). In contrast to our results (Fig. 3c), Capp et al. found an increased
resistence to camptothecin in hamster cells (CHO cells) expressing a catalytically inactive poly-
merase lambda (pollambdaDN) (14). In addition, these cells were found to be more sensitive to
ionizing radiation. Interestingly, sensitization reached levels that were comparable to NHEJ mutant
cells. The inactive DNA polymerase lambda is expected to act in a dominant negative manner in
the proposed repair pathways. It is likely that the mode of action is different from the lack of repair
due to gene deficiency, in analogy with our polymerase beta dominant negative studies (11,12,13).
The dominant negative might have the capacity to block alternative backup polymerases and path-
ways, or could interfere in processes unrelated to its wild-type lambda protein. 
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FIGURE 3. Sensitivity of pollambda-/- cells to camptothecin and etoposide. Panel A: Pollambda-/- and wild-type cells were seeded in
six-well plates and treated the following day with increasing concentrations of camptothecin for 2 h. Panel B: Growth inhibition of pollamb-
da-/- and wild-type cells by etoposide was determined as described above. Percentage control cell number is plotted, with each data point,
as described in figure 1.B, representing the mean and standard deviation of four independent experiments with triplicate samples. An aster-
isk indicates where that dose was only included in two of the four experiments. The inserts in each panel are the same data with an expand-
ed scale to illustrate the differences at low drug doses. Panel C: Clonogenic survival of pollambda-/- and wild-type cells after exposure to
camptothecin for 2 h. Panel D: Clonogenic survival of pollambda-/- and wild-type cells after exposure to etoposide for 2 h. Data points are
the mean and standard deviations of three independent experiments with triplicate samples, for panel C and D.
In addition, the origin of the cell lines, mouse fibroblasts versus hamster ovary cells, could result
in different responses to damaging agents.
Based on the data presented here, we can only speculate on the possible role of lambda.
Assuming that the observed sensitivities result from involvement in a common pathway, it is fea-
sible that the nature of the lesion dictates DNA polymerase lambda's interaction. Double strand
breaks produced by ionizing radiation are complex, often presenting as clustered lesions. In con-
trast, topoisomerase inhibition will cause breaks complexed to topoisomerases together with lig-
atable ends. Second, double strand break induction by topoisomerase inhibitors and hydrogen
peroxide are partly connected to replication. Replication could thereby present a mutual process
in the lambda dependent responses. Homologous recombination deficient cells have been shown
to be highly sensitive to camptothecin (15). Etoposide sensitivity showed dependence on non-
homologous endjoining but also showed some dependence on homologous recombination (16,17)
indicating that the choice of pathway in response to the damaging agent might be related to DNA
polymerase lambda dependence. Consistent with such an interpretation, ionizing radiation
response is in most cell lines less dependent on homologous recombination than on non-homolo-
gous end joining. 
Repair of ionizing radiation damage is highly dependent on the non-homologous end joining repair
pathway, as shown by numerous studies, being dependent on the presence of non-homologous
end joining proteins such as Ku70/80, DNA-PK and LigIV. The lack of increased sensitivity to ion-
izing radiation of lambda deficient cells found here therefore does not support a hypothesis of
lambda's sole involvement in non-homologous end joining after ionizing radiation. Our data rather
suggest the involvement of another redundant polymerase (18). In summary, DNA polymerase
lambda does not play an important role in determining sensitivity to ionizing radiation, despite the
observed hydrogen peroxide sensitivity and proposed role in repair of DNA double strand breaks.
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ABSTRACT
Purpose: Base damages and single strand breaks are primarily repaired by the base excision and
single strand break repair pathways, with DNA polymerase beta playing a key role in both.
However alternative pathways exist in polymerase beta deficient cells. The purpose of the present
study was to investigate the role of a possible alternative polymerase, DNA polymerase iota (iota),
in response to DNA damage. 
Materials and Methods: DNA polymerase iota siRNA and overexpression experiments were per-
formed in DNA polymerase beta deficient and proficient mouse embryonic fibroblasts. DNA dam-
age response to MNNG and ionizing radiation was assessed by colony formation. DNA polymerase
iota foci formation was determined after treatment with DNA damaging agents in human fibroblast
expressing EGFP fused polymerase iota. In addition, MNNG sensitivity was determined in these
polymerase iota overexpressing cells by growth and colony formation assays.
Results: DNA polymerase iota knock-down experiments showed sensitization to alkylating dam-
age, which was dependent on polymerase beta status. Furthermore, we demonstrated radiosensi-
tization of polymerase beta deficient cells by knocking down polymerase iota. Polymerase iota re-
expression reverted the MNNG sensitive phenotype of DNA polymerase beta/iota deficient cells.
Polymerase iota foci were formed after treatment with MNNG and ionizing radiation. In addition,
increased resistance to MNNG was observed in human fibroblast when polymerase iota was over-
expressed, as determined by a growth assay. However, this difference in sensitivity was not
reflected in changes in clonogenic cell survival.
Conclusions: The data shows a role for DNA polymerase iota in response to alkylating damage and
ionizing radiation. Our data suggests that DNA polymerase iota functions as a backup to DNA
polymerase beta in repair of MNNG and ionizing radiation induced damages.
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INTRODUCTION
Base excision repair is a process that allows removal and replacement of damaged bases in the
DNA [1]. These damaged bases often arise through interaction of the DNA with oxidizing or alky-
lating agents. This process is initiated by the excision of the damaged base by lesion specific gly-
cosylases, leaving an abasic site. The sugar-phosphate backbone is then incised by AP endonu-
clease (APE1) activity, leaving a nick in the DNA with 5'-deoxyribose phosphate (dRP) and 3'-OH.
DNA polymerase beta is then thought to remove the dRP moiety and to fill the gap by synthesis of
one nucleotide. The XRCC1/ligaseIII complex completes this short patch repair. An alternative long
patch repair pathway has been described [2-4], resulting in the insertion of several nucleotides by
polymerase beta or the proliferating cell nuclear antigen (PCNA)-loaded replicative DNA poly-
merases delta and epsilon, and the endonuclease activity of flap endonuclease 1 (FEN1) to
remove the resulting short chain "flap". In addition to these pathways initiated mainly by mono-
functional glycosylases, bifunctional glycosylases remove the base lesion and simultaneously gen-
erate a nick by their 3'beta-lyase activity. This results in a baseless sugar that can be removed by
APE1 and is proposed to predominantly initiate short patch, polymerase beta-dependent, base
excision repair. Interestingly, all known glycosylases directed against oxidized bases induced by
ionizing radiation are bifunctional. Similarly, single strand break repair is thought to mainly proceed
through short patch synthesis by polymerase beta. Surprisingly, polymerase beta deficient cells
are not more sensitive to ionizing radiation which induces such damages [5;6]. However, alterna-
tive short-patch polymerases may also be involved in base excision repair. DNA polymerases iota
and lambda have both been shown to be capable of performing the resynthesis step in in vitro
base excision repair assays [7;8]. This is a separate function to what has been considered their
primary task of translesion synthesis (TLS), namely, enabling replication to bypass blocks result-
ing from damaged DNA, as evidenced by a considerable body of in vitro data. With respect to a
presumed role in repair, human DNA polymerase iota has been reported to carry intrinsic 5'-
deoxyribose phosphate lyase activity [7], a feature that adds to the resemblance of polymerase
iota to polymerase beta [9]. To date, however, the role of polymerase iota in DNA repair has not
been demonstrated in vivo. 
DNA polymerase iota is a member of the Y-family of DNA polymerases that plays a pivotal role in
the ability of cells to tolerate DNA damage. These polymerases differ from other polymerases in
having a low fidelity on undamaged templates and in their ability to efficiently bypass DNA lesions
during replication. Depending on the lesion, TLS polymerases can bypass the damage in an error-
free or error-prone fashion, the latter resulting in elevated mutagenesis. Only few studies have
addressed DNA polymerase iota's role in vivo or in cellular systems. Physical interaction with DNA
polymerase eta and co-localization at replication foci after UV irradiation strongly suggested a role
of polymerase iota in translesion synthesis upon UV-induced damage [10]. This hypothesis was
supported by recent data from Wang and colleagues showing that the abnormal spectrum and
increased frequency of UV-induced mutations in cells lacking polymerase eta resulted from poly-
merase iota activity [11]. However, other than the induction of mutations no link to survival or repair
deficiencies has been demonstrated yet. The mouse strain 129 contains a spontaneous nonsense
mutation in the polymerase iota gene that truncates polymerase iota at Serine-27 [8]. These poly-
merase iota deficient mice have not been reported to exhibit defects in responses to DNA damag-
ing agents.
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Previously we showed that expressing a truncated inactive polymerase beta protein, led to
radiosensitization of human tumor cells [12;13]. Results with this dominant negative protein indi-
cated a role for polymerase beta in repair of ionizing radiation damage and implied that there were
redundant pathways, a possible explanation for the lack of effect of knocking out polymerase beta.
We further found that cells deficient in polymerase beta are highly sensitive to ionizing radiation,
but only when confluent [6]. We demonstrated that non-replicating cells in the G1-phase of the cell
cycle are compromised in single strand break repair, as determined by comet assays, and conse-
quently more sensitive after ionizing radiation when deficient in DNA polymerase beta [14]. As
demonstrated later, these cells carry the spontaneous nonsense mutation typical to the 129
inbreed strain of mice they derived from [15]. Complementation with DNA polymerase beta in these
beta/iota deficient cells partially reverted hypersensitivity to ionizing radiation. Interestingly, cells
deficient in DNA polymerase beta but devoid of the non-sense mutation (therefore supposedly
polymerase iota proficient) did show a less profound hypersensitivity to ionizing radiation when
confluent. These data indicated a role of polymerase iota as backup to polymerase beta and
prompted us to investigate further the role of DNA polymerase iota in this context.
In the present study, we have examined the cellular role of polymerase iota in response to treat-
ment with different DNA damaging agents in mouse embryonic fibroblast. Using short interfering
RNA (siRNA) technology, we show that polymerase iota knock-down increased sensitivity after N-
methyl-N'-nitro-N-nitrosoguanidine (MNNG) treatment and ionizing radiation. Surprisingly this was
dependent on the DNA polymerase beta status suggesting an involvement in beta-dependent
repair mechanism, hence in BER. Consistent with this notion, re-expression of human polymerase
iota in polymerase beta/iota deficient cells reverted MNNG hypersensitivity. In addition, the
appearance of polymerase iota foci shortly after MNNG treatment and radiation supports a role of
polymerase iota in the repair of these damages.
MATERIALS AND METHODS
Cell lines
The wild-type mouse embryonic fibroblast cell line Mβ16tsA (wild-type 16ts MEF) and the poly-
merase beta deficient cell line Mβ19tsA (polbeta-/- 19ts MEF) were kindly provided by S. H. Wilson
(NIH, USA). The wild-type mouse embryonic fibroblast cell line 92TAg (wild-type 92 MEF) and the
matched littermate polymerase beta deficient cell line 88TAg (polbeta-/- 88 MEF) were obtained
from ATCC. The SV40 immortalized human fibroblast cell line GM847 was kindly provided by
Roderick Beijersbergen (NKI, The Netherlands). Human fibroblast (HF) expressing human DNA
polymerase iota (HF-iota) were obtained after transfection of GM847 cells with a polymerase iota-
EGFP (poliota-EGFP) fusion construct, kindly provided by A. Lehmann (Brighton, UK). Control cell
lines carrying empty vector constructs (HF-GFP) were obtained after transfection with an EGFP
vector (Clontech). Single cell clones were established after selection and tested for poliota-EGFP
fusion protein expression (Supp. Fig. 1). Cells were routinely grown at 37 C in a 5% CO2 incuba-
tor in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100U/ml peni-
cillin and 100μg/ml streptomycin.
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Colony forming survival assay and cell growth inhibition assay
Colony forming survival assays were performed as described previously [6]. Briefly, cells were
plated in triplicate and treated for 1 hour with MNNG (Sigma-Aldrich) in growth medium without
fetal calf serum and antibiotics or exposed to ionizing radiation from a 137Cs source using a PAN-
TAC HF320 (PANTAC Limited, Reading UK) or exposed to UV-C at a dose rate of 6 J/m2/s in a
Stratalinker 2400 (Stratagene, CA). After treatment, plates were replaced into the incubator to
allow colony formation. Seven or thirteen days later, for MEFs or HF respectively, colonies were
fixed with 2.5% glutaraldehyde (Merck), stained with crystal violet (Merck) and counted either man-
ually under a binocular microscope or using an automatic colony counter (ColCountTH, Oxford
Optronix, UK). Survival was expressed as colonies per plated cells treated/colonies per plated
cells untreated. Cytotoxicity was determined by growth inhibition assays, as described previously
[16]. Briefly, cells were seeded in 6-well dishes and treated the following day with MNNG (Sigma-
Aldrich) for 1 hour in growth medium without fetal calf serum and antibiotics. After drug treatment,
fresh medium was added and dishes were incubated for 4-5 days until untreated control cells were
approximately 75% confluent. Cells were trypsinized and counted using a cell counter (Casy TT-
059, Schärfe System GmbH, Germany), triplicate wells for each drug concentration. The relative
growth inhibition was calculated by normalizing the average cell number in the drug treated wells
by the control (percent control growth).
siRNA transfections and survival assays 
Polbeta-/- 88Tag and wild-type 92TAg MEFs were transfected with synthetic siRNA duplexes from
Qiagen according to the manufacture protocols using HiPerfect (Qiagen), when in log phase.
Sensitivity to MNNG (Sigma-Aldrich) and ionizing radiation was determined by clonogenic survival
assay 48 hours after transfection, as described above. All transfected cells showed somewhat
lower cell survival after DNA damage compared to untransfected cells, and thus two different con-
trol siRNA duplexes, siRNA-C and siRNA-AC (Qiagen) and mock-transfected cells were used as
controls. Transfection efficiencies were determined using fluorescently labeled control siRNA
(Qiagen) 6 and 24 hours post transfection under a fluorescence microscope. Transfection effi-
ciencies typically achieved 80% or higher. The target sequences of poliota siRNA were as follows:
siRNA-iota1: (AAGCCCTGAGCAGTGCTAAGA), siRNA-iota2 (AAGCGGGTATCAGCTGCATCT)
and siRNA-iota4 (AAGCAACTTCCAGCAGATATT).
Real-time Quantitative PCR
A portion of cells from the individual knock-down experiments was collected by centrifugation at
the time point of plating for the colony formation assay (48 hours post transfection). RNA was pre-
pared by using the RNeasy kit (Qiagen) according to the manufactures protocol. Total RNA (1-5 g)
was reversely transcribed using the SuperScript II reverse transcriptase (Invitrogen) after priming
with random hexamers (Applied Biosystem). Real-time quantitative PCR was carried out on
Applied Biosystems 7500 instrumentation in 50μl reactions containing 12.5μl of SYBR Green PCR
mix (ABI) primer and diluted cDNA and primers. QuantiTect Primers for murine poliota and GAPDH
were purchased from Qiagen. All primer pairs used were confirmed to approximately double the
amount of product within one cycle and to yield a single product of the predicted size. Poliota
specificity was verified by increased expression in total RNA prepared from mouse testis. Relative
mRNA levels were calculated using the comparative Ct method [17] using the 7500 Fast System
Software and presented as percent (%) of biological controls. Calculated average dCT values rep-
resent the difference in CT values of poliota and GAPDH PCR products of duplicate samples each.
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The dCT values were then normalized to the highest poliota expressing control siRNA sample (AC,
C or mock-treated) by subtraction resulting in the ddCT values presented in the correlation graphs.
Expression values of poliota in the individual knock-down experiments were correlated with their
corresponding survival data normalized to the same control sample as used for expression nor-
malization.
Foci formation and fluorescence microscopy
Human fibroblasts were transfected with a poliota-EGFP fusion construct. Single cell clones were
established after selection and tested for poliota-EGFP fusion protein expression by western blot-
ting and flow cytometry. Cells were grown on slides, fixed in 4% paraformaldehyde and triton-per-
meabilized for 15 min at different times after MNNG (Sigma-Aldrich) treatment, ionizing radiation
or UV-C irradiation. Cells were analysed by confocal microscopy; more than 100 nuclei per slide
were counted (two slides per experiment) and scored for poliota foci positive nuclei.
Ratio assay 
The assay exploits the changes in repopulation caused by different sensitivities of a mixed cell
population after treatment. Resistant cells survive better and repopulate faster thereby becoming
the predominant fraction of the cell population. The expression of fluorescent EGFP or EGFP
fused poliota allowed quantitative flow cytometry analysis (Hofland et al.). The ratio assay was per-
formed on human fibroblasts expressing poliota-EGFP (HF-iota) or EGFP (HF-GFP). Cells were
seeded at an appropriate density in 6-well dishes so as to maintain exponential growth during the
course of the experiment. The following day, cells were exposed to a range of concentrations of
MNNG (Sigma-Aldrich) for 1 hour. After drug treatment, fresh medium was added and dishes were
incubated for 4-5 days until untreated control cells were approximately 75% confluent.
Fluorescence was monitored by flow cytometry and analyzed with the FCS express program (De
Novo software). The ratio of fluorescent versus non-fluorescent cells was calculated and then nor-
malized to the fluorescent cell ratio of the control treated cells.
RESULTS
Polymerase iota knock-down increases sensitivity to MNNG
In vitro assays demonstrated the capacity of polymerase iota (poliota) to perform repair synthesis
on BER substrates [9]. In the present study we investigated the cellular function of poliota in
response to DNA damaging agents. Therefore we applied siRNA technology and knocked down
poliota in mouse embryonic fibroblasts. Cells have been tested for the non-sense mutation
described in 129 derived origin by PCR and found to be poliota-proficient. Only the Mβ19tsA cell
line showed a PCR fragment characteristic for the non-sense mutation, suggesting truncated polio-
ta protein expression. Most importantly the 92TAg and 88TAg cell lines did not test positive for the
non-sense mutation (data not shown and described by Sobol et al. [18]). We next analyzed sur-
vival after DNA damaging agents 48 hours after administration of several different short interfering
RNAs (siRNAs), each targeted against poliota. Originally, poliota was thought to be involved in
lesion bypass of UV damage. However, poliota knock-down did not significantly change cell sur-
vival after UV-C irradiation (Fig. 1A). We next questioned whether poliota could be involved in pro-
cessing alkylating damage. N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) treatment leads to the
formation of O(6)-methylguanine, a highly mutagenic lesion that blocks DNA synthesis by replica-
tive polymerases. 
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FIGURE 1. DNA polymerase iota is involved in determining MNNG sensitivity in vivo. (A) Knockdown of polbeta  did not change sur-
vival after UV-C irradiation in polbeta proficient or deficient cells, wt 92Tag (92) and polbeta-/- 88TAg (88) cells, respectively. Cells were
exposed to synthetic siRNA against poliota (ι-1, ι-2, ι-3 and ι-4), non-targeting control siRNA (c) or mock treated (m) and clonogenic sur-
vival was determined after 6J/m2. Mean of 3 independent experiments; errors are one SD. (B) Polbeta-/- 88TAg MEFs with reduced levels
of poliota expression exhibit increased sensitivity to MNNG in contrast to their wild-type counterparts, wt 92Tag cells. Cells were exposed
to synthetic siRNA against non-targeting control (AC) or poliota siRNA (ι-4) and clonogenic survival was determined after different doses
of MNNG. Mean of 3-4 independent experiments; errors are one SD. (C) Knockdown efficiencies as determined by RT-PCR of RNA iso-
lated from wt 92Tag and polbeta-/- 88TAg cells 48h after transfection with siRNA against poliota (ι1, ι2, ι4) and control siRNA (m=mock,
c=control, AC=non-targeting control). (D) Correlation between knockdown efficiencies (as ddCT) and the survival values (as SF at a cer-
tain MNNG dose) of the individual experiments (3-4 independent experiments) for wt 92Tag cells (E) and polbeta-/- 88TAg cells (F). 
Alkylating damage induced by MNNG is mainly repaired by BER, with DNA polymerase beta (pol-
beta) performing a critical step after excision of the damaged base by glycosylases. Substantial
sensitization was observed after MNNG treatment in polbeta deficient mouse embryonic fibrob-
lasts with reduced poliota levels. As shown in figure 1B a reduction of poliota expression in pol-
beta deficient 88TAg MEFs resulted in significant increase in sensitivity to MNNG whereas it did
not in the wild-type counterparts (92TAg). However, knock-down efficiencies as determined by
quantitative RT-PCR varied in the individual experiments and used cells. Knock-down was best in
siRNA-iota4 transfected 88TAg polbeta deficient cells and occasionally achieved values of 20%
poliota expression of the control samples (Fig. 1C). With maximum transfection efficiency of 80%,
as determined by microscopic analysis of fluorescent siRNA transfections (data not shown), we
estimated a nearly complete knock-down in the affected cells. SiRNA-iota2, in contrast, resulted in
a less extensive silencing of poliota in the cells. SiRNA-iota2 values were not different from con-
trol values and served as independent control. Knock-down efficiencies were less in the wild-type
cells than in the polbeta deficient cells. This was not a result of higher basal poliota RNA expres-
sion levels in these cells, as shown in figure 1D. Since average expression values after siRNA-iota
transfection were higher in the wild-type controls, we questioned if the lack in sensitization was a
result of insufficient knock-down in this cell line. We therefore expressed the knock-down efficien-
cies (as ddCT) together with the survival values (as SF at a certain MNNG dose) of the individual
experiments and examined their correlation. We tested correlation at single MNNG doses for the
different cell lines (Supp. Fig. 2) and all doses together, as demonstrated in figure 1E and F.
Survival after MNNG treatment correlated well with poliota expression values in the polbeta defi-
cient cells, whereas it did not in the wild-type cells. It should be noted that sensitization in the pol-
beta deficient cells was also observed at values of 1-1.5 ddCT that corresponded to the average
values in the wild-type cells. However, we can not exclude changes in MNNG sensitivity in wild-
type cells with further diminished poliota expression. This is currently being addressed by the
analysis of a different cell line. We conclude that sensitization to MNNG by poliota knock-down
was dependent on polbeta status, as survival after MNNG of polbeta deficient cells strongly cor-
related with poliota expression. Poliota-dependent sensitization in a polbeta deficient background
suggests a base excision repair dependent action and therefore involvement in BER.
Polymerase iota knock-down increases sensitivity to ionizing radiation
We previously reported a specific radiosensitization of MX treated polbeta deficient cells demon-
strating the critical role of another (polbeta-independent) MX sensitive process after ionizing radi-
ation in log phase cells [6]. Poliota has been shown to exhibit dRP-lyase activity crucial for MX
sensitivity. Since these Mβ19tsA cells are deficient in polbeta and iota we questioned if poliota had
any influence on response to ionizing radiation. As shown in figure 2A, radiosensitivities of wild-
type cells transfected with the 3 different target siRNA or their mixture were unchanged compared
with mock transfected cells and cells transfected with non-target siRNAs. Polbeta deficient cells
were radiosensitized by siRNA-iota4, showing the strongest knock-down. Full survival curves
using the most effective siRNA (siRNA4) confirmed the radiosensitization of polbeta deficient but
not wild-type cells (Fig. 2B). These data show that reduction of poliota expression resulted in
increased radiosensitivity, only in polbeta deficient cells. Upon initiating repair of radiation induced
damage, a deficiency in polbeta should lead to the accumulation of nicked BER intermediates.
Response and/or repair of these intermediates seam to be further modified by poliota.
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Polymerase iota re-expression reduced MNNG sensitivity in polbeta-/-/poliota-/- MEFs
Since the data described above suggest an involvement of DNA poliota in beta-dependent repair
mechanism, we examined the contribution of poliota in MNNG response. Therefore, we re-
expressed human poliota in the Mbeta19tsA polbeta/iota deficient cells. After 1 hour MNNG treat-
ment, control empty EGFP vector transfected wild-type cells showed typical growth inhibition
curves, with polbeta-/-/poliota-/- cells being hypersensitive to MNNG (Fig. 3). Initiation of BER of
alkylating damage in polbeta deficient cells is expected to result in the accumulation of nicked BER
intermediates [19]. As shown in figure 6A, re-expression of DNA poliota partially rescued polbe-
ta/iota deficient cells but not wild-type cells from MNNG induced kill, suggesting repair of the
lesions. In summary, specific rescue after alkylating damage by poliota confirmed involvement of
poliota in a polbeta-dependent pathway and revealed its critical role in response to BER/SSBR
intermediates.
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FIGURE 2. DNA polymerase iota knock-down increased radiosensitivity of polbeta deficient cells. (A) Polbeta-/- 88TAg cells with
reduced levels of poliota expression exhibit increased sensitivity to ionizing radiation in contrast to their wild-type counterparts (wt 92Tag).
Cells were exposed to synthetic siRNA against poliota (ι-1, ι-2, and ι-4) or control siRNA (c) and clonogenic survival was determined after
6Gy. Mean of 3-5 independent experiments; errors are one SD. (B) Wild-type (wt 92Tag) and polbeta-/- 88TAg cells were exposed to syn-
thetic siRNA against poliota (ι-4) or control siRNA (c). A dose response curve after ionizing radiation was determined. Mean of 3-5 inde-
pendent experiments; errors are one SD. 
Polymerase iota localizes to nuclear foci after DNA damage
To further test the involvement of poliota in response to BER intermediates, we analyzed poliota
foci formation. Poliota has been previously shown to localize to nuclear foci after UV-C irradiation,
thought to represent replication foci [10]. This damage induced localization in foci implies involve-
ment in specific processes following DNA damage induction. Human fibroblast cells expressing a
poliota-EGFP construct (HF-iota) were treated with 10μM and 30μM MNNG in comparison to
20Joule/m2 UV-C irradiation and fixed after 5 hours of subsequent culture. Foci positive cells were
counted (blind) by fluorescence microscopy. Poliota-EGFP fluorescence was predominantly homo-
geneous in nuclei of untreated cells (Fig. 4A). UV-C induced the formation of foci-like structures
within the nucleus (Fig. 4A) as described previously [10]. Most importantly, MNNG treatment
resulted in strong foci formation as demonstrated in figure 7A. These foci were indistinguishable
from UV-induced foci. The proportion of foci positive cells increased after 10 and 30μM MNNG to
levels observed in the UV-C irradiated cells (Fig. 4B), suggesting involvement of poliota in
response to alkylating damage. Since survival after ionizing radiation was effected in poliota
knock-down experiments we next tested for foci formation after 2 and 6Gy of irradiation. The pro-
portion of foci positive cells significantly increased after ionizing radiation, although values did not
reach the UV-C controls (Fig. 4C). To exclude a clonal artefact, we compared two different iota
overexpressing human fibroblast single cell clones after radiation doses of 2 and 6Gy. The results
were similar to data shown in figure 4C, in addition to showing ionizing radiation induced foci as
early as 1.5h after radiation (Supp. Fig. 3). It should be noted that two types of ionizing radiation
induced poliota foci were observed, with type A being similar to the UV-C induced, i.e. small, bright
and regularly distributed in the nucleus, while type B were less bright but bigger and distributed
differently (Fig. 4D). Nuclear fluorescence was observed in control human fibroblast cells express-
ing EGFP only, with large patches of higher intensities. These patches were present in all cells,
although the number and pattern did not change after treatment with UV-C or ionizing radiation.
Further analysis differentiating between the two types of foci revealed type B as being ionizing
radiation specific, whereas type A is inducible by UV-C and IR. Figure 4E shows quantification of
type A and/or type B foci positive cells (as shown in Fig. 4D). 
In conclusion, the appearance of iota foci shortly after MNNG treatment and radiation further sug-
gest a role of poliota in the repair of these damages. 
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FIGURE 3. Re-expression of human poliota in the Mbeta19tsA polbeta/iota deficient cells led to a reduction in MNNG sensitivity.
Wild-type Mbeta16tsA and polbeta/iota-/- Mβ19tsA cells were transfected with the poliota-EGFP fusion construct. Percentage of control
growth after MNNG treatment was determined. Mean of 3-5 independent experiments; errors are one SD.
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FIGURE 4. Poliota forms nuclear foci after MNNG and ionizing radiation. Stable clones of poliota-EGFP-expressing human fibroblast
cells (HF) were exposed to UV-C, MNNG or ionizing radiation. (A) Confocal microscopy images with representative nuclei of mock treated
control cells with homogeneous fluorescence distribution (left) and typical foci formation after UV-C irradiation (middle) and MNNG treat-
ment (10 μM) (right). (B) Histogram with quantification of poliota foci-positive cells 5h after UV-C (20J/m2) or MNNG (10 and 30 μM).
Numbers represent the sum of 2 to 3 independent counts; error bars are SD. (C) Histogram with quantification of poliota foci-positive cells
5h after irradiation with 2Gy or 6Gy, or UV-C (20J/m2). Numbers represent the sum of 2 to 3 independent counts; error bars are SD. (D)
Poliota-EGFP displays additional ionizing radiation specific foci that are distinct from foci induced by UV-C. Confocal images with examples
of type A and B poliota foci and foci-free nuclei observed after ionizing radiation. Lower panel presents typical nuclei after 6Gy with poliota
foci. (E) Histogram demonstrates counts of nuclei positive for type A or type B foci in untreated controls or in poliota-EGFP overexpressing
cell clones irradiated with different doses of ionizing radiation (IR) or UV-C. 
Polymerase iota overexpression reduced MNNG sensitivity in human fibroblasts
The observed increase in the proportion of foci positive cells after MNNG treatment indicates a
possible role of poliota in protection against alkylating damage in these human fibroblast cells. We
therefore measured the cellular effects after MNNG treatment in human fibroblast expressing
poliota-EGFP or EGFP by ratio and clonogenic assays. 
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FIGURE 5. Overexpression of poliota led to a reduction in MNNG sensitivity in human fibroblasts. (A, B) Human fibroblasts
expressing poliota-EGFP or EGFP were treated with MNNG and fluorescence was measured by flow cytometry. The ratio of fluorescent
cells versus non-fluorescent cells was determined and plotted in A. The mean fluorescence after MNNG treatment was plotted in B.
Mean of 3 independent experiments; errors are one SD. (C) Clonogenic survival after MNNG treatment was compared between the
parental human fibroblasts (HF), the EGFP expressing human fibroblast cell clones (HF-EGFP) and poliota-EGFP expressing human
fibroblast cell clones (HF-iota-EGFP). Mean of 3-5 independent experiments; errors are one SD.
For the ratio assay, fluorescence was measured by flow cytometry after MNNG treatment. An
increase in the ratio after treatment relates to an increased resistance of the fluorescent cell pop-
ulation compared to the non-fluorescent, in this case either EGFP or GFP-poliota expressing. We
observed an increase in the ratio of fluorescent cells versus non-fluorescent cells in human fibrob-
lasts overexpressing poliota but not in cells expressing the vector control (Fig. 5A). The increase
in ratio was observed in two of the three different iota overexpressing human fibroblast cell clones
tested. It should be noted that the cell clone HF-iota3 and the HF-GFP control had only a small
fraction of non-fluorescent cells (< 10%). Therefore ratio values cannot be increased further than
in the untreated controls. We therefore analyzed changes in the mean fluorescence in these cell
lines showing that fluorescence values were increased in response to alkylating damage induced
by MNNG in polymerase iota overexpressing cells only (Fig. 5B). These data demonstrated a
growth advantage after MNNG treatment when overexpressing poliota.
In contrast to the ratio assay, cell survival after MNNG treatment, as determined by clonogenic sur-
vival, was not increased in human fibroblasts with overexpressed poliota. No significant difference
in cell survival was observed between the different iota overexpressing human fibroblast cell
clones and the GFP expressing human fibroblast cell clones. The survival was similar as to the
parental cells (Fig. 5C) indicating a lack of survival advantage. 
DISCUSSION
In the present study we investigated the cellular role of DNA poliota in response to treatment with
DNA damaging agents. In a first set of experiments, the role of poliota was examined by down-reg-
ulating its expression with siRNA in cells that lack DNA polbeta or wild-type cells. We show that
poliota knock-down increased sensitivity after MNNG treatment and ionizing radiation in polbeta
deficient cells. Sensitization was dependent on the polbeta status, thereby suggesting an involve-
ment in a beta-dependent repair mechanism, hence in BER. Consistent with these observations,
we show that re-expression of human poliota in polymerase beta/iota deficient cells reversed
MNNG hypersensitivity. In addition, the appearance of poliota foci shortly after MNNG treatment
and ionizing radiation supports a role of poliota in the repair of these damages. Furthermore, a
decreased growth delay after MNNG was observed in human fibroblast when poliota was overex-
pressed, as determined by the ratio assay. 
Participation of poliota in cellular response to alkylating damage
Polbeta deficient cells show greatly increased sensitivity to MNNG, but this hypersensitivity is only
partially rescued by re-expression of polbeta either human [5] or mouse [16]. We hypothesized that
this was due to the lack of poliota ?in the Mbeta19tsA cells. Indeed, in figure 1B we show that
knock-down of poliota with siRNA specifically sensitized polbeta deficient cells to MNNG. However,
we observed that poliota knock-down was less efficient in wild-type cells then in polbeta deficient
cells, which might affect the outcome of the experiments. We therefore tested for a correlation
between poliota knock-down and cell survival (figure 1E and F). Comparison of survivals when
mRNA of poliota was down to 50% clearly showed an increased sensitivity to MNNG in polbeta
deficient cells but not in wild-type cells, indicating that at equally decreased poliota levels, polbe-
ta deficient cells suffered most from treatment. The most likely explanation for the lack of effect in
wild-type cells is the presence of functional polbeta, which is partly responsible for survival after
alkylating damage in these cells. 
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We conclude that when polbeta is absent, poliota can substitute for repair of BER intermediates
caused by MNNG induced lesions. MNNG toxicity in polbeta deficient cells is expected to be
caused when the replication fork encounters these repair intermediates [19]. In an alternative sce-
nario, poliota might play a role in translesion synthesis of these intermediates accumulated in pol-
beta deficient cells. However, in this case (at levels at which kill caused by possibly unrepaired
intermediates) poliota expression levels should equally determine survival in polbeta proficient
cells. Consistent with this notion, wild-type fibroblasts proficient in polbeta and BER were not dra-
matically affected by overexpression of poliota. 
Consistent with a BER dependent function of poliota, no specific sensitization of polbeta deficient
cells was observed after UV-C irradiation, confirming specificity for MNNG and ionizing radiation,
despite poliota's expected translesional synthesis role in UV damage processing indicated by in
vitro assays [20-22] and translocation analysis [10] (Fig. 1A). We did see a trend to decreased sur-
vival after UV-C in both wild-type and polbeta deficient cells, although this was not significant.
Since the data described above suggest an involvement of DNA polymerase iota in beta-depend-
ent repair mechanism, we further examined the contribution of poliota in MNNG response. We
observed that re-expression of poliota in polbeta/iota deficient cells partially rescued alkylating
damage induced kill, indicating the ability of poliota to repair nicked intermediates. Together, these
data suggest a role for poliota in polbeta-dependent repair mechanisms, and thus in BER, since to
date, there are no indications that polbeta is involved in translesion synthesis.
Possible role for poliota in ionizing radiation damage response
As with MNNG, knock-down of poliota specifically sensitized polbeta deficient cells to ionizing radi-
ation. We previously demonstrated polbeta's role in BER after ionizing radiation [14;16]. We noted
that, as for MNNG, polbeta re-expression did not fully complement the observed radiation sensi-
tivity. We postulated this to be caused by the poliota deficiency in this particular cell line. Our
results here show that poliota knock-down alters survival after IR in polbeta deficient cells only.
However, since polbeta deficiency has been shown to affect only cells in the G0- or G1-phase of
the cell cycle, knock-down experiments still need to be checked for changes in cell cycle phase
distribution. In addition, an alternative knock-down strategy might allow further down-regulation of
poliota especially in the wild-type cells. The present results indicate that poliota is involved in ion-
izing radiation damage response only in the absence of polbeta, which is in agreement with its
proposed involvement in BER.
Poliota foci formation and overexpression 
Interestingly, the poliota foci data demonstrated changes in poliota localization upon MNNG and
ionizing radiation, indicating involvement in processes initiated by these DNA damaging agents. In
previous studies, poliota foci formation was observed upon UV-C irradiation, thought to represent
replication foci [10]. MNNG treatment resulted in strong foci formation (Fig. 4A), which were indis-
tinguishable from UV-induced foci. The proportion of foci-positive cells increased to levels
observed in the UV-C irradiated cells, although no dose response was seen. We conclude that the
alkylating damage induced foci implies involvement in specific processes following DNA damage
induction. 
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Ionizing radiation also resulted in poliota foci formation. The proportion of foci-positive cells sig-
nificantly increased after ionizing radiation, although values did not reach those after UV-C.
Interestingly, we observed two types of ionizing radiation induced poliota foci, with type A being
similar to the UV-C induced, i.e. small, bright and regularly distributed in the nucleus, while type B
were less bright but bigger and distributed differently (Fig. 4D). Further analysis revealed type B
as being ionizing radiation specific, whereas type A was inducible by both UV-C and IR. We can
only speculate on the function of both types, and it appears that type A is involved in processes
related to TLS while type B is more related to BER. In conclusion, the appearance of poliota foci
shortly after MNNG treatment and radiation further indicate a role of poliota in the repair of these
damages. 
Finally, since the increase in foci-positive cells after MNNG treatment indicates a possible role of
poliota in protection against alkylating damage in human fibroblasts, we determined the cellular
effect after MNNG treatment in human fibroblast expressing poliota-EGFP or EGFP by a ratio
assay and clonogenic survival assay. The observed increase in the mean fluorescence in poliota
overexpressing cells demonstrated a growth advantage after MNNG treatment when overexpress-
ing poliota. In contrast, cell survival was similar to the parental cells, indicating a lack of survival
advantage. This is consistent with a role of poliota in BER, since these cells have functional pol-
beta, repairing MNNG induced damage. 
As described above, our data on cellular response after MNNG treatment suggest involvement in
repair rather than TLS. In this context, the induction of foci might infer replication associated
repair. However, an additional involvement of poliota in TLS in addition to BER cannot be exclud-
ed. This function might not affect survival after treatment due to alternative repair processes.
Poliota 's possible role in BER
Polbeta deficient cells are thought to accumulate BER intermediates such as nicked DNA [19], a
type of lesion which is unlikely to be dealt with by a bypass processes. We therefore hypothesized
that poliota participates directly in repair of nicked BER intermediates after ionizing radiation. This
is supported by previous studies that have shown a role for poliota in base excision repair. In in
vitro studies it was shown that DNA poliota is capable of performing the resynthesis step in in vitro
base excision repair assays [7;8]. Furthermore, poliota has been shown to comprise deoxyribose
phosphate lyase activity, a feature that is consistent with a role in BER [7;9]. This feature could be
related to the poliota requirement for BER, since the nick in the DNA with 5'-deoxyribose phos-
phate and 3'-OH needs to be removed before insertion of the correct nucleotide can take place. In
addition, purified poliota is able to complement the base excision repair defect in polbeta deficient
cell extracts using uracil containing substrates. Moreover, bulky adducted guanine, a major lesion
induced by alkylating agents, which is primarily removed by short patch base excision repair, can
be bypassed by poliota, again indicative of a role for poliota in BER. 
Alternatively, but unlikely with respect to earlier published data on APE1 function, APE1 incision
could be inhibited in the absence of polbeta, in particular on damage induced by ionizing radiation,
resulting in accumulation of abasic sites that could represent lethal replication blocks if not
bypassed. 
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In summary, the data presented here show a role for DNA polymerase iota in response to alkylat-
ing damage and ionizing radiation. The present results provide a basis for understanding previous
reports on the cellular function of DNA polymerase beta and iota in response to DNA damage.
Clearly, future studies will be directed to clarify iota's role in repair and to unravel its mechanism
of action. Furthermore, the data generated in this study elucidate novel aspects of MNNG and radi-
ation sensitivity, which will improve our understanding of factors determining sensitivity of mam-
malian cells, with potentially important implications for chemo- and radiotherapy in terms of out-
come prediction and design of drug targets for improving therapy. 
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SUPPLEMENTAL FIGURE 1. Specificity of the anti-poliota-antibody. Lyzates from cells trans-
fected with a full length poliota-EGFP (+) construct or without (-) were analyzed by western blot-
ting with anti-poliota-antibody (ab1324Abcam, UK) and anti-EGFP-antibody (kindly provided by J.
Neefjes).
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SUPPLEMENTAL FIGURE 2. Correlation at single MNNG doses for the different cell lines, wt
92TAg and polbeta-/- 88TAg. Correlation between knock-down efficiencies, expressed as ddCT,
and survival values, expressed as surviving fraction (SF) at single MNNG dose.
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SUPPLEMENTAL FIGURE 3. Poliota foci for two individual stable GM847 single cell clones.
Two individual stable GM847 single cell clones expressing poliota-EGFP fusion protein were irra-
diated with 2Gy and 6Gy. After 1.5h and 3h, cells were examined following paraformaldehyde fix-
ation and Triton X-100 permeabilization. Poliota foci-positive cells were counted (n>200). The
graph demonstrates the increase in foci-positive cells shortly after ionizing radiation in two indi-
vidual cell lines. 


CHAPTER   7
SUMMARY AND DISCUSSION

SUMMARY AND DISCUSSION
Improving the effectiveness of radiotherapy remains an important goal, which depends in large
part on a greater understanding of factors affecting radiosensitivity. Base excision and single
strand break repair may offer novel targets, especially since expression of some of the proteins
involved in these pathways have been shown to vary between tumors, providing a possible way of
selecting those tumors which would benefit from such targeting. 
Loss of base excision repair capacity may contribute to enhanced radiosensitivity of mammalian
cells. The generation of mouse embryonic fibroblast cell lines lacking the expression of poly-
merase beta provided the basis for the experiments that aim at determining the involvement of
polymerase beta in the ionizing radiation response (chapter 2, 3, 4 and 6). As described in chap-
ter 2, we showed an increased sensitivity to ionizing radiation in polymerase beta deficient cells
when confluent, the first in vivo demonstration of polymerase beta's importance in radiosensitivity.
Restoring polymerase beta in polymerase beta deficient cells reduced the radiosensitivity in com-
parison to polymerase beta deficient cells. In contrast, DNA polymerase beta deficient mouse
embryonic fibroblasts in log phase did not show an increased radiosensitivity in comparison to
wild-type cells. This implies strong backup pathways exist in log phase cells. Repair capacity in
confluent cells was greatly reduced in polymerase beta deficient cells as measured by alkaline
comet assays (chapter 3). Thus, in confluent cultures, with a reduced fraction of replicating cells,
clonogenic survival and DNA damage repair after ionizing radiation depends on polymerase beta.
At confluence, cells are known to have reduced expression of replication polymerases, which are
also involved in long patch base excision repair. The data described above are therefore consis-
tent with confluent cells relying on polymerase beta dependent short patch pathway whereas log
phase cells have the long patch repair as an efficient backup. 
To further probe pathway usage, we used methoxyamine, a specific short patch repair inhibitor.
Polymerase beta deficient cells but not wild-type cells showed radiosensitization by
methoxyamine, which strongly implies the existence of another, polymerase beta independent,
short patch pathway (chapter 2). In addition, we showed that ionizing radiation damage repair was
inhibited by methoxyamine in polymerase beta deficient cells, as measured by alkaline comet
assays. Backup repair in log phase cells could therefore include alternative short patch pathways
as well as the long patch pathway.
Confluent cultures are characterized by low proliferation indices. However, concomitant changes
in metabolism also occur. These changes could result in an altered DNA damage spectrum and/or
changes in the cellular responses to these damages. Therefore, in chapter 3, we questioned if the
previously observed survival differences in polymerase beta deficient cells, when confluent, result-
ed from repair deficiencies. Furthermore, we determined the role of DNA polymerase beta in repair
and response after ionizing radiation in different phases of the cell cycle after cell synchronization.
We first demonstrated delayed repair of ionizing radiation induced DNA damage in confluent poly-
merase beta deficient cells. Synchronization experiments revealed a cell cycle phase dependence
by demonstrating radiation hypersensitivity of polymerase beta deficient cells in G1, but not in the
S-phase. Complementing polymerase beta deficient cells with polymerase beta cDNA reverted the
hypersensitivity observed in G1. 
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Ionizing radiation damage repair was found to be delayed in polymerase beta deficient cells when
irradiated in G1, which translated into increased kill. The data showed a differential role of poly-
merase beta driven base excision and single strand break repair throughout the cell cycle after ion-
izing radiation damage. In summary, the data presented in chapter 2 and 3 suggest that cell cul-
tures presenting a low fraction of S-phase cells expose their dependence on polymerase beta,
whereas cycling cells have beta-independent backup repair pathways, particularly in the S-phase. 
Understanding the molecular mechanisms underlying biological processes such as the DNA dam-
age response is needed to improve the treatment of cancer patients. Global gene expression pro-
filing or microarray analysis has become a powerful tool for identifying and characterizing gene
expression under different biological conditions, pointing to pathways underlying the relevant bio-
logical processes. The relationship between radiation response and transcriptional regulation of
gene expression has not been studied with respect to polymerase beta status. In the study pre-
sented in chapter 4, we used microarrays to study changes in genome wide expression that
occurred in mouse embryonic fibroblasts (MEFs) with different polymerase beta genotypes, both
before irradiation and in response to irradiation. Published studies on cell lines using microarray
analysis have identified ionizing radiation responsive genes [1]. However, in most cases unrelat-
ed cell lines were compared. A more optimal test system is the use of paired cell lines that differ
only in the gene of interest, like our wild-type, polymerase beta deficient and polymerase beta defi-
cient complemented lines. 
The question addressed in this study was whether gene expression changes could be found,
resulting from polymerase beta deficiency and growth state changes, which could explain the
observed radiosensitivity differences described in chapter 2 and 3. In addition to genes operating
in the base excision repair (BER) pathway, we were also interested in changes in other pathways
known to be associated with radiosensitivity. A cluster analysis separated the samples first as a
function of growth state (log versus confluent), and secondly as a function of genotype (poly-
merase beta status), with radiation as being a relatively minor disturbance to gene expression on
this genome wide scale. Significance Analysis of Microarrays identified many significantly differ-
entially expressed genes when comparing wild-type with polymerase beta deficient cells. In con-
trast, no significant differentially expressed genes were found when comparing polymerase beta
deficient cells with polymerase beta complemented cells. This emphasizes the necessity of com-
plementing the deficiency to prove that the deleted gene is indeed responsible for the observed
phenotype. 
Concentrating therefore on the deficient and complemented pair, we compared gene expression
changes 1 and 6 hours after irradiation in the two different growth states. Several pathways were
found repeatedly as being different in the two lines and which correlated with the radiosensitivity
changes, including genes in the NFkB, AKT and MAPK pathways, and in glutathione metabolism,
all of which have been reported to affect radiosensitivity. Analysis of specific DNA repair pathways
showed that expression of BER/SSBR genes was reduced after irradiation in confluent polymerase
beta deficient cells, a situation where increased radiosensitivity was observed, coupled with an
increase in non-homologous end joining genes expression. 
These expression studies must be regarded as exploratory and hypothesis generating rather than
definitively showing involvement of specific genes or pathways. In the present study, indications of
involvement of the signal transduction pathways could be caused by stress response differences
resulting from different extents of DNA damage both in untreated and treated cells. This points to
further research using genetic and chemical means to probe pathway involvement. 
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Similarly, the reason for the decrease in BER gene expression in polymerase beta knock out cells
in response to radiation is not clear, and again deserves further study. Is this an attempt by the cell
to adapt to a repair deficiency by stimulating the function of a back-up repair system? 
As described in this thesis, log phase cells apparently have a back-up to polymerase beta-depend-
ent repair, which could be beta-independent long-patch BER, and/or short patch repair carried out
by an alternative polymerase, as indicated by the MX inhibitor studies. The two polymerases hav-
ing related structures to beta are lambda and iota. In addition to repair, base damages can be
bypassed during replication by translesion synthesis polymerases [2], such as these two poly-
merases. In the last two chapters we therefore looked at the role of polymerases lambda and iota
in the response to ionizing radiation.
Several in vitro and in vivo studies have shown an involvement of DNA polymerase lambda in base
excision repair of oxidative damage [3-8]. However, little is known about the role of polymerase
lambda in determining ionizing radiation sensitivity in vivo. In chapter 5 we determined the role of
polymerase lambda in response to ionizing radiation, hydrogen peroxide and two other non-oxida-
tive DNA break inducing agents, camptothecin and etoposide, using transformed polymerase
lambda deficient mouse embryonic fibroblasts. Somewhat surprisingly, we showed that lambda
deficient cells were not more sensitive to ionizing radiation, despite exhibiting hydrogen peroxide
hypersensitivity. Furthermore, etoposide and camptothecin decreased survival and inhibited
growth in polymerase lambda deficient cells, as determined by clonogenic survival and growth
inhibition respectively. We speculate that the nature of the lesion dictates the interaction with poly-
merase lambda. Double strand breaks produced by ionizing radiation are often presented as clus-
tered lesions, therefore possibly not repaired by polymerase lambda. In addition, double strand
breaks induced by topoisomerase inhibitors and hydrogen peroxide are partly connected to repli-
cation. Homologous recombination deficient cells have been shown to be highly sensitive to camp-
tothecin. Etoposide sensitivity showed dependence on non-homologous end joining, but also some
on homologous recombination, indicating that the choice of pathway in response to damaging
agents might be related to polymerase lambda. Structural information now exists for polymerase
beta and lambda [9]. Despite the fact that mammalian family X polymerases, polymerase beta and
lambda, share considerable homology, a similar organization of polymerase domains and the
same catalytic mechanism, they differ in a number of key structural elements. Some of these dif-
ferences are perhaps small, they might be critical in defining biological functions and determining
DNA damaging response. However, the major role of polymerase lambda is still undefined. Of
interest is whether lambda plays a back-up role for beta in response to irradiation, which could be
studied in double knock-outs of the two polymerases.
In chapter 6, we analyzed the possible role of a translesion synthesis polymerase, DNA poly-
merase iota, in response to DNA damaging agents. In an attempt to study the contribution of poly-
merase iota in determining DNA damage response we used tree different strategies: knock-down
of polymerase iota by RNAi, overexpression of polymerase iota, and iota foci formation. Knock-
down experiments revealed the contribution of DNA polymerase iota in determining MNNG and
ionizing radiation damage response, but only in polymerase beta deficient cells. In addition, alky-
lating damage induced cell kill in polymerase beta deficient cells was partially rescued by overex-
pression of polymerase iota. These results indicate that polymerase iota functions as a backup for
polymerase beta. Furthermore, we observed increased nuclear iota foci formation in response to
MNNG and ionizing radiation. 
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Changes in polymerase iota localization indicate the involvement in processes initiated by alkylat-
ing damage and ionizing radiation. Clearly, further studies are needed to clarify the role of poly-
merase iota in lesion bypass and/or repair. 
In conclusion, the data described in this thesis indicate that the absence of polymerase beta can
have profound consequences for the ionizing radiation response and may influence treatment out-
come, with potential implications for drug targets aimed at improving radiotherapy. The possible
predictive value for clinical responses has greatly stimulated the search for new drugs, aimed at
inhibiting DNA polymerases or blocking repair intermediates, thereby preventing backup repair.
For example, polymerase beta null, mutant or underexpressing tumors might be more sensitive to
ionizing radiation in combination with the short patch base excision repair inhibitor methoxyamine.
Alternatively, radiosensitization might also be achieved in polymerase beta deficient tumors by
reducing the proliferative fraction, e.g. by using replication inhibitors, thereby inhibiting alternative
repair pathways. Further mechanistic and therapy studies, exploiting these findings to improve
radiotherapy will be the next challenge.
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Radiotherapie is een zeer effectieve therapie voor de behandeling van kanker, als enkelvoudige
therapie of in combinatie met chemotherapie en chirurgie. Toch blijkt radiotherapie niet in alle
gevallen succesvol te zijn, onder meer door resistentie van de tumorcellen voor bestraling, met als
gevolg overleving van tumor cellen. De radiosensitiviteit van tumorcellen en normale gezonde
cellen wordt hoofdzakelijk bepaald door de capaciteit van herstel. Het begrijpen van de herstel-
mechanismen die aan de grondslag liggen van geobserveerde radiosensitisatie van tumor cellen
kan leiden tot aangrijpingspunten voor interventie in de toekomst. 
Bestraling geeft verschillende types van DNA-schade zoals enkelstrengs en dubbelstrengs
breuken, en base schade. Dit impliceert dat verschillende DNA herstel-mechanismen in de cel een
rol spelen in herstel van DNA schade en dus mogelijk ook een rol spelen in de bestralingsgevoe-
ligheid. Dubbelstrengs DNA breuken worden beschouwd als de belangrijkste letale letsels
veroorzaakt door ioniserende straling. Hoewel, verschillende gegevens, onder andere uit ons
eigen lab, tonen aan dat ook base schade en enkelstrengs breuken de radiosensitiviteit kunnen
beïnvloeden. Het belangrijkste DNA herstel-mechanisme, onmisbaar voor het herstellen van onder
meer base schade en enkelstrengs breuken, is het zogeheten 'base excisie herstel' (BER). BER
heeft twee submechanismen na herkennen van de base schade of enkelstrengs breuk, namelijk
'short' en 'long'. DNA polymerasen zorgen voor het correct incorporeren van een base op de plaats
in het DNA waar base schade of breuk zich bevond. DNA polymerase beta is het belangrijkste
polymerase voor herstel van DNA via de 'short' pathway. Herstel via de 'long' pathway gebeurt
door polymerase beta of door de polymerasen delta en epsilon, die tevens betrokken zijn bij het
celdelingproces. 
Dit proefschrift beschrijft fundamenteel onderzoek naar factoren (determinanten) die een rol spe-
len bij de radiogevoeligheid in zoogdiercellen, in het bijzonder de rol van base excisie herstel,
voornamelijk door gebruik te maken van polymerase beta deficiënte fibroblast cellijnen verkregen
uit muismodellen. Tevens richt het onderzoek richt zich op de vraag hoe een defect in het DNA
herstel 'base excisie herstel', opgevangen wordt door ander herstel-mechanismen.
Hoofdstuk 1 geeft een overzicht van DNA herstel na ionizerende bestraling, de typen DNA schade
en de bijbehorende herstel-mechanismen. In meer detail worden de functies van 'base excisie her-
stel', een bepaald DNA schade herstel-mechanisme dat centraal staat in dit proefschrift,
uiteengezet. Ook worden mogelijk alternatieve herstel-mechanismen besproken wanneer BER niet
functioneel is. Er wordt dieper ingegaan op de mogelijke rol van polymerase lambda alsook op het
herstel van DNA schade waar een ander minder precies herstel-mechanisme beschikbaar is het
zogeheten translesie synthese mechanisme. 
In hoofdstuk 2 laten we zien dat muiscellijnen deficiënt in polymerase beta, die we vanaf nu pol-
beta-/- zullen noemen, gevoeliger zijn aan radiotherapie onder niet delende condities dan hun
wild-type. Onder delende condities is de radiogevoeligheid van polbeta-/- muiscellijnen gelijk aan
de gevoeligheid van wild-type cellijnen. 
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Deze nieuwe rol van polymerase beta onder niet delende condities biedt mogelijk nieuwe aan-
grijpingspunten voor radiosensitizatie. Deze observatie wijst verder op de aanwezigheid van back-
up systemen die DNA schade na radiotherapie herstellen in delende polbeta-/- cellen. Onder niet
delende condities hebben cellen een verminderde expressie van polymerasen betrokken bij
celdeling (replicatie). Deze replicatie polymerasen, delta en epsilon, zijn betrokken bij 'long' BER
dus bij alternatief DNA herstel in afwezigheid van polymerase beta. Onze bevindingen laten zien
dat niet delende cellen afhangen van polymerase beta afhankelijk 'short' BER. Echter, delende
cellen deficiënt in polymerase beta hebben 'long' BER, met polymerasen delta en epsilon, als
back-up. Om meer inzicht te verkrijgen in het gebruik van 'short' en 'long' BER na bestraling
hebben we een specifieke 'short' BER inhibitor (methoxyamine) gebruikt in combinatie met radio-
therapie. Details betreffende de inhibitor methoxyamine staan beschreven in hoofdstuk 2. We von-
den een verhoogde radiosensitisatie voor delende polbeta-/- cellen door de inhibitor
methoxyamine. Dit resultaat duidt sterk op de aanwezigheid van een alternatief DNA herstel
onafhankelijk van 'short' BER. Niet enkel de overleving van polbeta-/- cellen was gereduceerd, ook
het DNA herstel, gemeten door comet assays, was verhinderd. Naar aanleiding van de data
beschreven in hoofdstuk 2 concluderen we dat back-up herstel in delende polbeta-/- muiscellijnen
bestaat uit een alternatieve polymerase beta onafhankelijke 'short' BER en de 'long' BER.
In hoofdstuk 3 laten we zien dat het verschil in radiosensitiviteit tussen niet delende wild-type en
polbeta-/- muiscellijnen veroorzaakt wordt door een deficiëntie in DNA herstel. Verder analyseren
we meer specifiek de overleving en DNA herstel na bestraling tijdens twee fasen van de celcyclus
namelijk G-1 (fractie is groot bij niet delende cellen) en S-fase (fractie is groot bij delende cellen).
We laten zien dat tijdens de celcyclus, polbeta-/- cellijnen hyper gevoelig zijn voor bestraling in
G1-fase van de celcyclus maar niet in de S-fase en DNA herstel in de G1-fase was vertraagd. 
De resultaten gepresenteerd in hoofdstuk 2 en 3 laten zien dat muiscellijnen die niet delen, dus
met een lage fractie S-fase cellen, afhankelijk zijn van polymerase beta voor het herstel van
schade door radiotherapie en cellijnen die delen, dus met een hoge fractie S-fase, gebruik maken
van polymerase beta onafhankelijk back-up herstel.
Hoofdstuk 4 beschrijft een microarray expressieprofiel van polbeta-/- en polbeta-/-/polbeta-gecom-
plementeerde muiscellijnen. We hebben verandering in gen expressie vergeleken tussen beide
cellijnen, 1 en 6 uur na bestraling, zowel onder delende als niet delende condities. Verscheidene
pathways zijn verschillend gevonden tussen de cellijnen wanneer deze bestraald zijn onder niet
delende condities. De pathways laten activering zien van genen, waaronder NFkB, AKT en MAPK,
die al eerder zijn gerapporteerd als 'radiotherapie responsive genen'. De invloed van polymerase
beta deficiëntie op de expressie van deze genen was nog niet in detail bestudeerd, en staan
beschreven in dit hoofdstuk. De analyse van genen specifiek betrokken bij DNA herstel-mecha-
nismen laat zien dat expressie van genen betrokken bij BER/SSBR verlaagd is na bestraling in niet
delende polbeta-/- cellijnen. Dit resultaat is gekoppeld aan een toename in expressie van non-
homologous end joining genen. 
Eerder dan het aantonen van betrokkenheid van specifieke genen of pathways dient hoofdstuk 4
als verkennend en hypothese opbouwend. Verder onderzoek is nodig om de betrokkenheid van
gevonden nieuwe pathways te valideren. Waarom de expressie van genen betrokken in BER path-
way in polbeta-/- cellijnen is gereduceerd als response op radiotherapie is op dit moment nog
onduidelijk, en verdient verder onderzoek. 
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Is het mogelijk een poging van polymerase beta deficiënte muiscellijn om zich aan te passen aan
de deficiëntie in herstel door middel van het stimuleren van back-up herstel?
In hoofdstuk 2 en 3 laten we zien dat delende polbeta-/- cellen een back-up hebben voor poly-
merase beta afhankelijk herstel. Dit back-up herstel is 'short' BER, en waarschijnlijk uitgevoerd
door alternatieve polymerasen of polymerase beta onafhankelijk 'long' BER. In hoofdstuk 5 en 6
hebben we de rol van twee alternatieve polymerasen, polymerase lambda en iota, onderzocht voor
het bepalen van radiosensitiviteit. 
Studies hebben aangetoond dat DNA polymerase lambda betrokken is bij de DNA herstel-mecha-
nismen base excisie herstel en oxidatieve schade herstel. Waterstofperoxide (H2O2) is een
reagens dat oxidatieve schade brengt aan DNA. Ioniserende straling brengt, naast enkel- en
dubbelstrengs breuken, ook oxiderende schade aan DNA, gelijk aan de schade geïnduceerd door
H2O2.  In hoofdstuk 5 laten we zien dat de radiosensitiviteit van polymerase lambda deficiënte
muiscellijnen gelijk is aan de sensitiviteit van wild-type cellijnen; hoewel polymerase lambda defi-
ciënte muiscellijnen wel gevoeliger zijn voor waterstofperoxide dan wild-type. Gezien de overlap
tussen het type schade geïnduceerd door radiotherapie en waterstofperoxide groot is lijkt de date
eerder verrassend. Waarschijnlijk is het de aard van de laesie die de interactie met polymerase
lambda bepaald. Ook vergelijken we de gevoeligheid voor twee topoisomerase inhibitoren, etopo-
side en camptothecin, tussen wild-type en polymerase lambda deficiënte muiscellijnen. De resul-
taten en conclusies staan beschreven in hoofdstuk 5.
In hoofdstuk 6 analyseren we de rol van polymerase iota bij het herstel van DNA schade geïn-
duceerd door ionizerende straling en MNNG. In dit hoofdstuk richten we ons op de volgende vraag:
'wordt een defect in DNA polymerase beta opgevangen door DNA polymerase beta?'. We maken
gebruik van drie verschillende strategieën om de vraag te beantwoorden, namelijk knock-down en
overexpressie van polymerase iota en polymerase iota foci vorming na DNA schade. We laten zien
dat polymerase iota knock-down in polbeta-/- cellen de radiosensitiviteit verhoogd alsook de
gevoeligheid voor het alkylerend reagens MNNG. Deze data tonen aan dat polymerase iota een
belangrijke rol speelt in de gevoeligheid van een cel voor bestraling en MNNG; en bevestigd onze
hypothese dat iota opereert als back-up voor polymerase beta. In hoofdstuk 6 hebben we ook
gebruik gemaakt van de focus vorming van polymerase iota om de het gedrag van het eiwit te vol-
gen na het toedienen van DNA schade. Met behulp van een fluorescentie microscoop hebben we
het eiwit polymerase iota, gekoppeld aan 'green fluorescent eiwit', een groen fluorescerend eiwit,
gevolgd na het toedienen van DNA schade. We hebben gezien dat het eiwit polymerase iota in de
celkern lokaliseert tot kleine foci na het toedienen van DNA schade. Veranderingen in polymerase
iota lokalisatie duidt op de betrokkenheid van het eiwit in processen geïnitieerd door alkylerende
of ioniserende schade. Waarschijnlijk zijn de MNNG en ioniserende straling geïnduceerde foci
gerelateerd aan herstel, hoewel een rol in translesie synthesie niet kan worden uitgesloten.
Studies zullen volgen die de rol van polymerase iota analyseren in laesie bypass en/of repair.
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In hoofdstuk 7 van het proefschrift worden kort alle bevindingen samengevat en onderlinge
samenhang besproken. Tevens wordt er aandacht besteed aan een paar belangrijke onder-
zoeksvragen welke nog beantwoord moeten worden om de rol van base excisie herstel na radio-
therapie volledige te onderzoeken. De resultaten beschreven in dit proefschrift tonen aan dat poly-
merase beta deficiëntie gevolgen heeft op de ioniserende straling response en mogelijk de behan-
delingsuitkomst van radiotherapie kan beïnvloeden. Het verder ontrafelen van DNA herstel-mech-
anismen kan uiteraard leiden tot mogelijke aanknopingspunten om tumor cellen gevoeliger te
maken voor bestraling.
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Fijn dat je aan mijn zijde wilt staan, zoals je er eerder voor Britta stond (Britta, je bent bewon-
derenswaardig en je aanwezigheid zal ik oprecht waarderen). De Begg meisjes: Manon voor de
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opvang, steun en vriendschap. Barbara, ik ben jouw kant uitgekomen en ben met open armen ver-
welkomd door jou en je partner, dank je wel meisje en succes met alles. Ondertussen ben ik aan
het werk in het VUmc. Ik wil in het bijzonder mijn collega en vriendin Nikki bedanken. Ook Henk
wil ik bedanken voor de steun en geduld bij de opmaak van mijn boekje!  
Mijn vrienden in Amsterdam en Zeeuws Vlaanderen ook hartelijk dank voor jullie steun, Klaas,
Ingrid, Jelmer, Dimitry, Jeroen, Emma, Lonneke, en alle anderen! Vanaf nu ben ik er gewoon weer
bij!
Aan het eind is er mijn familie. Mijn schoonouders Eddy en Linda wil ik bedanken voor hun
vertrouwen en steun. Mijn zus Priscilla (twee meisjes op het strand…) en Luc; mijn broer Pedro,
Karen en Timo; mijn broer San Miquel, Nathalie, Stephanie en Jimmy; jullie waren er wanneer het
goed ging, en belangrijker, toen het niet zo goed ging, ik hoop dat we er nog lang voor elkaar
zullen zijn. Pedro ik ben trots dat je mijn paranimf bent en aan mijn zijde wilt staan.
Pap en mam, dit boekje is de bekroning op alles wat jullie me gegeven hebben, dankzij jullie ben
ik wie ik ben. Deze promotie is dan ook jullie promotie. Mam ik ben jou dankbaar voor de vele uren
die wij samen doorbrachten, in gedachten, op het lab. Je hand op mijn schouder geeft me
vertrouwen in de toekomst. De frisse wind door onze haren op het strand te Knokke… neus snui-
ten, kousen optrekken en vooruit; op naar het hoedje. Ik weet zeker dat het me zal staan. 
Winny, lieve zoet, wat moet ik zonder jou? Niets.
Op naar de volgende stap.
Christie.
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